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Zusammenfassung

In den letzten Jahren zeigte sich ein wachsendes Interesse an Bauelementkovizepten
TunnelFeldeffekttransistoren (TFET,Sllie auf dem quantenmechanischen Tunneln basieren.
Der TFET konkurriertin Bezug auf Geschwindigkeit, Leistung und Flache direkt mit dem
Metall-Oxid-HalbleiterFeldeffekttransistor (MOSFETPer Injektionsmechanismus in TFET
ist ein Bandzu-BandTunnet (BTBT-) Strom, und dr potentielle Vorteides TFET liegt in
seinen steilen Strof8pannungs (IV)-Unteischwellvertcharakteristiken, die nichivie im
MOSFETdurch die 60 mV Dekadebei Raumtemperatuvegrenzt sind. TFETs konnten bei
niedrigen Versorgungsspannungemar potentidl besser arbeiten, abdre experimentellen
Realisierungenlieses Bauelements bleiben noch hinter den Erwartungen zurlck. Insbesondere
ist eine Verbesserung sleOnStroms notwendig, um den MOSFETinsichtlich seiner
Leistungsfahigkeizu Ubertreffen.

In dieser Arbeit wurden verschiedeB&ategien zur Verbesserung der Leistungsfahigkeit
vonp-Kanal Germanium (Ge) TFEBTexperimentellintersucht. Modifikationen des Halbleker
materials und Dotierungsprtdiwerden mit dem Zietlie Tunnelwahrscheinlichkeit zu erhéhen
und hoheOn-Strome zu erreicheruntersucht.Hierzu wurden vertikale TFETs konzipiert,
hergestellt und charakterisiemDie vertikalen Halbleiterstrukturenselbst wurden mittels
Molekularstrahlepitaxie (MBEhergestellt und die vertikalerBauelementewvurden unter
Verwendung eines GAAGateall-around)}-GeometrieHerstellungsprozesses hergestellt.

Es wird gezeigt, dass dén-Strom (lon) effektiv durch die Einfihrung von Germanium
Zinn (GeSn) in den Kanal erhéht werden kann. Ein sukzessiver Anstiedowmowird
beobachtet, wenn der Zir{Bn)-Gehalt x in einem Germaniu#inn (Ge-xSrx) -Kanal von x
= 0% auf x = 2% und x = 4% erhoht wird. Dies liegt an der Verringerung der Bandliicke
Gew.xSn mit steigendem Sehalt,was die Tunnelwahrscheinlichkeit effektiv erhoht. Ferner
wurdeexperimentell ermitteldass, wendie Schichtdicke voBe 96Srvosauf 10 nmbegrenzt
ist, diegenaue Positionierung diesBm 9S04+ Schicht relativ zum SoureéanatUbergang
des TFETs deutliche Auswirkungen alié Kennliniendes Bauelementsat Ein hoherlon
wird erreicht, wenn sich diese Schicht vollstandig innerhalb des Kanals befindet, wahrend der
Leckstrom (IOFF) reduziert wird, wenn diese Schicht vom Kanal in die Source verschoben
wird. Eine Schwierigkeitoeim Einbau von G&Srk in die pKanaltGe- TFETs ist eine hohe
epitaxiale Qualitdt beizubehalten, wenn der-Gahalt erhoht wird. Zusammen mit der

Verringerung der Bandlicke wird gezeigt, dasss cEinbringen von Srie lore und
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Subschwellenschwingun@S) derBauelementalurch erhdhte ShockleigeadHall (SRH) -
Erzeugung und TrapssistedTunneling (TAT) -Strome verschlechtert. Dies stellt die
Machbarkeit einer akzeptablen Leistung mit GeSn als Kanalmaterial in Frage. Basierend auf
den Ergehissen werden einigéerbesserungsrategierdiskutiert.

Es wurde herausgefunden, dass die Variation der S@otierungskonzentration in-p
KanatGe TFETs mit GateSourceUberlappung hauptséachlich die Unterschwedlemakteri-
stika der Bauelemente beeinflus&ine hohere Steilheit wirdnit zunelmerder Dotier-
stoffkonzentration in der Sourd®egionerzielt Es wird angenommen, dass di&s®relation
ein Ergebnis von TAT in der SourateUberlappungsregion ist. Im Gegensatz zu Er
gebnissen aus veréffentlichten Simulationsstudien konnte fir die untersuchten Dotierungsgrade
keine AuswirkungderDotierstoffkonzentrabn auf lon identifiziert werden.

Eine MBEVorbelegungsstrategieon Antimon (Sb) wird untersucht, um steile Sodrce
Dotierungsprofile in vertikalen-gKanatGe- TFETs zu erhalten. Es ist ersichtlich, dass fur eine
Sb-Vorbelegungvon 1/20Mondagen(ML) sowohl b als auch SS verbessert sind. Dies wird
dadurch erklart, dasiie Ausbreitungler Tunnelbarriere in die Sa&Region reduziert wird,
was zu einer Erhéhung der Tunnelwahrscheinlichkeit und Verbesserung der Bandpassfilterung
fuhrt. Die Verstarkung vorok ist gering, aber di¥orbelegung lasst sich ohne Mehraufwand
in den TFET-Herstelungsprozessntegrierenund kann leicht mit anderen Strategien zur
Verstarkung deOn-Strome vormFETs kombiniert werden. Die Ergebnisse deuten auch darauf
hin, dass eine optimale \/@wfbau-Dotierung existidr

In dieser Arbeit werden auch das AluminiumoxidA3d), das als Gateoxid verwendet wird,
und das Ge / AD3 / Al-System untersucht. Eine Germaniumoxid (Ge®assivierung durch
PostPlasmaOxidation und eine Schwefel (Sassivierung durch wéassrige Ammoniumsuilfit
Losungsbehandlung werden durch die Herstellung und elektrische Charakterisierung von
MOS-Kondensatoren untersucht. Fur die mit G@a@ssivierte Rybe wird eine Hysterese und
eine Verschiebung der Flachbandspannung durch Akz&épams im Oxid erklart. Eine
allgemeine Parallelverschiebung der Kapaz&iannungs(C-V) -Kurve zu positiven Gate
Spannungeiist Indikator furortdeste negate Ladungen und ein @iches A¥Os. Es wird
vorgeschlagen, dass diesa&hen Regionen durch die NaBlasmaOxidationsbehandlung
induziert werden kénnten. Temperaturabhéngige S8pannungs {V) -Kennlinien zeigen
einen SchottkyEmissionsprozes als Haupttransportmechanismus durch das Oxid bei
niedrigen elektrischen Feldern an.
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Es wird beobachtet, dass der Effekt ddPassivierung der G@berflache sowohl die-@-
Hysterese als auch den Leckstrom in der Region mit niedrigéralcEreduziert. B8 ge
messenen Oxidkapazitaten zeigen auch, dass dies nicht auf Kostedxaiverdickunggeht.
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Summary

Recen years have shown a growing interest in device concepts based on quantum
mechanical tunnelinglhe tunnelingfield effect transistor (TFET) is a device that competes
directly with the metaloxide-semiconductorfield effect transistor (MOSFET) in terms of
speed, power and aredhe drive currentinjection mechanismin TFETsis a baneto-band
tunneling (BTBT) current anthe promise of the TFET lies in its steep subtreslcaldent
voltage(-V)char acteristics, which 1 s deolintatresnt r i ct e
temperatureTFETscouldperform better at low supply voltagdsit improvement of the drive
current is necessary to outperform the MOSFET.

In this work different device tuning strategies for thehannelgermanium Ge) TFET are
studied. Modifications involving the semiconductor material and doping profiles are
investigated with the aim of increasing the tunneling probability and achieving high drive
currents. This investigation has been conducted through designing, fabricating and
characerizing the vertical TFET structures. Vertical semiconductor structures were grown by
means of molecular beam epitaxy (MBE), and the vertical devices were fabricated using a gate
all-around (GAA) geometry fabrication process.

It is shown that the drive aent (bn) can be effectively increased by the introduction of
germaniuratin (GeSr) in the channel. A successive increaseii$ seen when increasing the
tin (Sn)-content x, in agermaniumtin (Ge1.xSrk) channel fronx = 0 % tox = 2 % andx = 4 %.

This is due to the lowering of the bandgap, which effectively increases the tunneling probability.
Furthermore, it is found that when §365m.04is confined within a 10hm deltalayer, TFET
device performance can be tuned by shifting the position ofakes lat the soureehannel
interface. A high dn is achieved when this layer is completely inside the channel, while the
leakage currentkr) is reduced when this layer is shifted from the channel and into the source.
A complicating factor with incorpotimg Ge1.xSrx in the pchannel Ge TFETSs is found to be
thedifficulty of maintaining a highepitaxial qualitywhenincreasinghe Sn-content Together

with thelowering of the bandgaphis is shown to degrade thgrand subthreshold swing (SS)

of the device through increaseshockleyReadHall (SRH) generation andrap-assisted
tunneling (TAT) currents. This further calls into question the feasibility of achieving acceptable
performance with GeSn as channel mateBalsed on the results, some device performance
strategies are discussed.

Varying the source doping concentration wehmannel Ge TFETs with gat®urce overlap

is found to mainly influence the subthreshold characteristics of the devices. Steeper
13



subthreshlol characteristics is found with increasing source doping concentration. This
correlation is believed to be a result of TAT in the sogat overlap region. Contrary to
results from published simulation studies, no effect of varying the source dopoentation

on loncould be distinguished for the doping levels investigated.

A MBE pre-builduptechnique ofintimony §b) is investigated as a means to achieve steep
source doping profiles imertical p-channel Ge TFETsIt is seen that for a Sb plaiildup
concentration of 1/2thondayer (ML), both by and SS is improved-his is explained by that
the extent of the tunneling barrier into the source region is redleading to an increase of
thetunneling probability andnprovement of théand pass fiering. The boost irok is small,
but the prebuilduptechnique imposes no extra load onto the TFET fabrication process and can
easily be combined with other strategies for boosting the drive curreREETs. The results
also suggests that an optimadibuildupdoping exists.

In this work also thealuminum oxide (AlOs), which is used agate oxide and the
Ge/ALO3/Al system is studied. ermanium oxideGeQ,)-passivaibn achieved through post
plasma oxidation and a sulf(8)-passivation achieved through agueousAmmonium sulfite
solution treatmentare both investigated through the fabrication and electrical characterization
of MOS-capacitors. For the sample passivated @i#Q}, a hysteresis and a shift in the flatband
voltage is explained by acceptor traps in the oxide. A general parallel shiftczpgheitance
voltage (GV)-curve towards positive gate voltages indicates fixed negative charges and an O
rich Al2Os. It is suggested thahése Grich regions could be inducday the post plasma
oxidation treatment. @mperature dependentirrentvoltage (+V)-characteristicsndicate a
Schotky emission procesas themain transport mechanism through the oxatléow electric
fields.

The effect ofS-passivation othe Ge surfaceis seen to reduce both tleV hysteresis and
theleakage cuent in the low Eield region.The measured oxide capacitanckss eevealthat

this does not come at the expense of a thiearvalent oxide thicknes&QT).
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1.1 Searchingfor a New Energy Efficient Switch

At thetime ofwriting there arever 3 billion smartphone useis the world Projections are
madethatthose numberwiill exceed6.4 billion by the year 202[1L]. It is no exaggeration to
saythat the markieof electronic devicebas, and is continuing texhibitauniquegrowth, not
seenthe likes ofin manyother industriesThe growth ispartly a result ofthe improvement
achievedor each newvelectronicdevice generatiorbue to tle new eatures and capabilities of
the newest devicgenerationelectronic devices amten acquired at a more frequent rate than
the actualservice lifetime of thalevices.To keep up with thisapid developmenthowever,
considerableequirementsare forced onto the electronicswitchesi.e. transistorsyesponsible
for doing the job Scaling down the transistors dimensphasbeen thesuccessful strategy
used for oveffive decadego accomplish this taskThis strategyhasallowed to increase the
transistorcounton the chipand hencéncreasingaprocessa computational poweFor a long
time <aling did also result in more energyefficient as well as fasteswitches This made
miniaturization a veradvantageus approachAs thenanometetechnology neeetl torealize
these switcheshas grown extremely complex and expensive,are now also seeing other
reasons fowhy thescaling isbecoming lessdvantageouthanbefore The devices ardeing
pushedhardagainst theitheoreticalimits. This has made increasing the transistor count, but
atthe same time reducing the power consumption of each single traresi&oy difficult task
For a consumethis leads to some worrisonmeitiooksif not taken care oflmagine if your
portableelectranic device needs constant recharging. It takes away its intended practicality. If
the device, due to excessive power dissipatientoo hot to handlethis also limits its
usefulnessin trying to ®lve this problem scientificvirtue and engineeringigenuity is called
for. A new energy efficient switch is needed.

In this thesis an electronic switch that is based on quantum mechanical turiaeling
presentedThis device, the tunneling field effect transistor (TFEfBkes advantage of the
peculiar phenomenotiat electronscan pass througa barrier if it is made sufficiently thin.
Switching between on and off with the aid of tunneling has been shown to consume much less
energy than other devices. A TFEDuld hencepotentally outperform the existing and
transistor eaGs long lived work horse, thmetaloxide-semiconductofield effect transistor
(MOSFET) in terms ofbothspeedandpower & well asarea The TFET hashoweverjts own
challenges to overconteeforeit canbe acceptedoy theindustry Although thecurrent flow
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can becontrolled in a very energy efficient wathe existence of darrier still significantly
reduces theurrent carryingcapacity As a resultthe drive currents of FETsis inferior to
t o d aandistors.Salving his problemsets the backdrop for this thes

1.2 A Brief History of Germanium in Complementary M etal-Oxide-

Semiconductor Technology

Germanium (Ge) is considered an exciting candidate for -pegformance scaled
complementary metadxide-semiconductor (CMOS) technology. Compared to silicon (Si), Ge
has a smallebandgapand higher and better balanced bulk hole and electron mobilities (see
Tablel). This gives Ge the potential of replacing Si as the material of choice, as the computer
technology is pushed up against the physical limitations of miniaturization. Although attracting
much interestin the last decades for its exciting attributes, theerg@nce of Ge in the
semiconductor technology is more of a revival. Ge actually has a history in the semiconductor
industry as long as the industry itself. It was the earliest semiconductor pursued by the Bell
Laboratories at the beginning of the transisi@[2]. Numerous breakthroughs in the field of
semiconductor engineering have Ge in the leading role: thedinsterciakransistor{3], the
first integratectircuit [4] and the first demonstration of a tunneling difleto mention a few.
However, in the history of the MOSFET and what evolved into the successful CMOS
technology, Si has played the instrumental role. In addition to itsdamce, one of the most
important reasons for pursuing Si was because of the superior intéfiarceed with silicon
oxide (SiQ) and the high quality thermakide[6]. Due to the thermal instability and chemical
reactivity of germanium oxideGeQ) with water, the Ge/Gefsystem on the other hand was
considered unfit for field effect deviseGe was hence sidelined in the beginning years of the
CMOS technology. Looking back at the computer chip era and dominance of the CMOS
technology in the electronics industry today, one can understand the Si choice.

Table 1 Properties of Si and Ge at 300 Kftér [31].

Semiconductor| Lattice | Indirect | Direct Mobility Relative Intrinsic

constant| bandgap| bandgap| (cn?/Vs) permittivity carrier

(R) (eV) (eV) Hn Hp Uh®0 | concentration
(cn®)
Si 5.43 1.12 3.4 1450 | 500 11.9 1 WO
Ge 5.65 0.66 0.8 | 3900 | 1900 16.0 2A0"3
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Bet ween the 606s and beginning of the 806s
scaling down the wellunctioning Si/SiQ system rigorously following the scaling trend
predicted by Gordon E. Moof@]. Little attention was therefore given to alternative materials
investigations during this perio@his was howeverabout tochange. Although the scaling and
miniaturizationstrategywas immensely fruitful and effective, concern were being voj8gd
aboutthe physical and geometrical limitations awaiting in the near future. Also the cost due to
the demands and constraints on the production facilitiec#ma¢ with the continued scaling,
was growing with a worrisome raf@]. This eventually led to the appearance of Ge in the field
in the mid 806s. T Hempesature (700 C) iepstdxiad gnovith 063i | o w
allowedthe effective joining of Si and Ge intlicon-germanium $iGe alloys[10]. SiGe
alloys found its uses as channel matdfial, but first and foremost as relaxed SiGdfersfor
strained Si MOSBETS[12, 13] Through strain or through alloying with Ge, an effectiv increase
in carrier mobility compared to unaltered Si is achieved. SiGe therefore represented an
alternative approach to improving device perforogather than device dimension shrinking.
Noteworthy industry breakthroughs followed. IBM was first out, revealing their SiGe
technology in 1989, and a decade later introducing it into the industry's first standard, high
volume SiGe chigl4]. Intel followed soon after by introducing SiGe in their 90 nm process
generatiorf15]. At the time SiGe had been introduced and accepted by the somewhat
conservative semiconductor industry, the research commuasigager to investigate the next
natural step. Due to the high mobility of charge carriers, all Ge devices could potentially provide
improved performance even compared to advanced strained Si and SiG¢2layalisGe
FETsdevices weréabricated, characterized and repoiteg, 17, 18] Now, an extra focuszas
puton the major problem facing Ge based field effect devices in the first placefdverable
surface properties.

Simultaneously as Ge was being introduced into the field, the CMOS scaling and device
shrinking also started demanding very thin S@ate oxideghicknesses,ot. For very thin
oxides, & < 4nm, however, quantum mechanical tunnglithrough the oxide lsemes a
serious i ssue. I n the beginning oJfgataolide 2 00 O ¢
started increasing 100 fold for each process genendt@nThe solution to this problem was
found in highea d i e | eichtinrthisacentext avehdefined as insulators that have a higher
relative permittivity than Si@ They could offer a larger physical thickness, but with the same
equivalent capacitance as that of a much thinnep Big&r. Although concern were voiced
abou introducinganewhigh mat er i al into the gate stack a
both Intel[19] and IBM[20] had announced that they would replace ;Siith the higha
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material hafnium oxidéHfO.) for the 45 nm process generation. Now with the departure from
SiQ, as gate oxide of choice, the importance of the superior Si&&@iconductepxide
system became redundant. From this point of view, the argument of sticking with Si as a channel
material lost its significance.

Which material system and device concept will eventually replace the Si MOBREET to
be determinedas many exciting device concepts and new materials have entered {24 yace
The first experimental demonstrationasfall Ge CMOScircuit with an AbO3z gate oxide has
recently been reportd@2]. But dso arecently presentedFET using Geas a source material
hasgained attention due to iextremelysteep turron characteristic$23]. Both of these two
maybe markingin separate wayshe beginning for a newr alternativeerafor the CMOS
technology. However, one can expecttG®ea major influential playeras creatie scientist

and engineerstruggleto sustairMo or e 6 s L a whailieahéal e year s

1.3 History of the Tunneling Field Effect Transistor

The history of the tunneling field effect transistoanbe tracedall the wayback to 1952
anda work conductedby O. M. Stuetzef24]. In an experimentaktudy, he demonstrated
surface conductivitgontrolwhen a electrodgGate)was placedn the neighborhood of -
junction. The device which he namedunction fieldistor containedthe basic elements of a
TFET. This devicealsodemonstratetdoth ntype and pype transistor behavior, depending on
the positioningof the gate electrode with respect to the famction This is aunique
characteristic ofthe TFET. The reported surface omuctivity control was however not
attributedto quantum mechanicéinneling Thishaving the natural explanation thahneling
in semiconductorsit the timewas not yet a establisheadtoncept.lt is true that the idea of
electrons traveling from onenergy band to anothehad been theorizedby Clarence Zener
already in 193425]. However the theory ofZenerwas derivedto explain the electrical
breakdown of dielectricdt was later found thaZ e n dmeakdown theorywasapplicable also
for semiconducta: Zener tunnelingand Zener effectwere later introduced andre today
commonlyused termso describe the tunneling reverse biasegn-junctions

A tunnelingbreakthrough cam@i1958 whenLeo Esaki reportedna newphenomenon in
heavily dopedGe pnjunctions [5]. He discoveredan anomalous currentoltage (I-V)
characteristic in the forward directioA negativedifferential resistanc§NDR) region was
observedwere the current decreaseith increasing voltage biagksaki was able to explain
the behavior bglectronbandto-bandtunneling(BTBT). Simplified band diagram schematics

explaining thd-V characteristics auch a junctiormreshownin Figurel. Thediscovery later
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earnedesakithe 1973 NobePrizein physicg26]. Together with the theoretical work Bfan
O. Kane[27, 28] Es a ki 0 s lattthe foundateoroyabetterunderstandingf tunneling

in semiconductostructures

§ _
/ Vv Vv v Vv Vv

Figure 1 Simplified band diagrams and the correspondivdharacteristics explaining the curr
flow in a tunnel diode for different voltage biasa¥.Thermal equilibrium, zero bias. No curren
flowing. b) For a small forward voltage bias, electrons in ¢baduction band of the degenerat
region tunnel into empty states in the valence band of ttegjipn. ¢) At higher positive bias tt
tunneling current decreases as the overlap of the energy bands is reduced and leading f
d) Diffusion current dminate at high forward bias) For negative bias electrons tunnel from vali
band and into the conduction band. This is often referred to as Zener tunnelinfR#Hfter

The tunnel diodesometimesreferredto as Esaki dioe, was also introduced into the
industry, It showed great promise as an oscillator and switching eleatdmngh frequencies
[30]. Other conventional semiconductor devices would, howewerthe course of time
outperform andeplace the tunnel dioder these functioal areag31]. The tunnel diodevas
thereforepushed intaniche markets. In the fielslof semiconductoscienceand engineering,
the BTBT phenomenocontinuedo fascinate Although ittook some time his eventually el
to the appearance of new device concefte. firstthree terminal devicesctivelyaddressing
and taking advantage of tlBTBT phenomenomnvas proposed by Quinet al.in 1978[32].
Thar n-MOSFET structure with a heavily dopeespurcewasdesignedo yield information
about subband splittings tie surface inversion layeA transistor device concept, with the
similar structureas that of Quinn was proposed by B§B@]. This device wagjiven the name

surface tunnel transistqSTT). In addition togallium-arsenide GaAg which wasused in the
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first STT, alsoSi [34], Siorrinsulator[35] andindium-gallium-arsenide Io.53Gap.47AS) [36]
STTs were demonstr at e dManyoftheehristhree tenmma tennaiig t h e
deviceswerefocusingon the forward characteristicand controlling theNDR of the tinnel
diodewith a gateHowever theSi STT demonstratetly Reddick and Amartunga 1995[37],
also showethe BTBTcurrentunder reverse biaould be controlledlhe firstverticalSi TFET
was proposed and fabricatleg Hansch et al. in 20088].

In theearly2 00 0 6 s © poentidlds B Towpower switch becamerecognizedThis
followed therealizationthat thel-V characteristicen the subthresholdegionof a TFET was
not restrictedby the MOSFED 60 mV/decsubthreshold swintymit at roomtemperatur¢39].
This interest got further vitalized by the experimental demonstsatiba device surpassing
this limit by Appenzeller et ain 2004[40]. Manygroupshad at this time directed thdacus
on the TFET and soon after more sub 60//dec TFETs were demonstrated., 42]

With the attention given due to thebviouspotential of the TFE, the challengesof the
devicebecame more and more evidéowardsthee nd o f tAftheouglzsBodvidgdgseat
off-state andurn-on characteristicsthe drive current was still inferior to that of a MOSEET
The favorable steep twon characteristicaverealso onlydemonstrated in a narroand low
current egime The recent years of TFEfesearchhas been revolving around how best to
tackle these problems. As with most scientific and engineering challemgey,different
solutions have been proposéal.this rapidly advancing field, wide variety of TFETswith
different material systemsand device geometriegare represented ithe publishedTFET
studies

The arrent status andateof-the-art of TFETS, is given in the end of th chapter Some
theoretical backgrounavill, however first be given. This can be useful orderto better
understand the ide®@ehindthe different TFET conceptas well as the work presented in this

thesis

1.4 Theoretical Background

The TFET, like the MOSFET, is a three terminal electronic switdten a voltage is applied
between the drain and source contacts, the current flow between them is controlled by the
voltage applied to a third terminal, the gddeth p and rchannelTFETs are realizable. This
offers complementaryFET technology for logic operationanalogouso CMOStechnology
TFETs can also be incorporated in industrial CMOS process flow, without additional process
steps.The TFET bears a strong resemblance to the MEJSIR this regardA fundamental

difference, with respect to the MOSFET can, however, be fourgtimechanism with which
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the gatecontrolledcurrent isflowing and turned on and offhis gives the TFEBome unique
advantagesln this chapterthe operatng principles of alFET will be explained.Both the
TFETs potentiahnd challengewill be highlighted

Understanding the function of a TFET require some basic understanding of energy band
theory for semiconductors. The reader is directed to introdubtulys on the topic likehose
of Sze and N¢31] and Schroeddr 3], as this topids too extensive to cover hernformation
aboutthe MOS capacitor systeamd the field effeds containedn Appendix

1.4.1 PowerConsumption of aL ogic Element

The TFET is regardedsaa candidate for replacing the MOSFET due to its low power
operatiorcapabilitieslt is thereforenatural tostart by looking at thpowerdissipationn digital

CMOScircuit, which is given by the following expressipd]:

P 7 CLABA U 13 4A/p + VpAor £ «y

Here, the first termepresentshe switchingcomponentinddescribes theower dissipated
whenswitchingbetween the on and off stateé is the producibf aload capacitance, Cthe
supply voltageVp, theclockfrequencyf, andanactivity factor U The second term is the short
circuit term when both fMOSFET and rRMOSFET are simultaneouslyactive and ashort
circuit currentlsc is flowing. The third term is the static power consumption. Thesm
describes the power dissipated due to the presenawofzeroleakage currentorr, when the
transistor is turned affWhen examinindgl) it is clear that the most effective way of reducing
the power dissipatiowould be toreduce \b. A reduction of \6 should however, not
compromisethe drive currentin the onstate of the transistpfon. Transistors in integrated
circuits work togethemndthe output of onetage of transistorsan be used asput of the next
stageln this case theme it takes teharg C. dependslirectlyon lon. lon therefore determines
the maximum speed dhe circuit. This means thateducing bn in most cases leads to
unacceptablencrease irdelay time andesult inslow operation

From trese requirementn importantcharacteristic of the transistehould bentroduced
its rate of current change witlespect of thappliedgatevoltage This figure of merit is often
guantifiedby the subthreshold swir(®S. The SS i@ measure of how much voltage netal
be appledto the gatderminalto induce a change in drain current by angerof magnitude.
The average SS of a transistan bedefined ag45]:
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The ideal switch would have a stemction responsevhereSSY 0 mV/dec Howeverthe
physics involved ithe switching procesé additionto thetechnological challengescurred
whenfabricating an ideal devic@reventsthis limit from being reachedFor a MOSFET a
theoretical limitexist for the lowest achievabl&S This limit originates from theswitching
mechanism and theermal ingctionprocesf charge carriers over the gate controlled barrier
(seeFigure2ad). At room temperaturéits limitis 60 mV/dec[31]. The consequence of thimnit
for the SSwhen scalinghe voltageVp is seen irFigure2 b. As bn shouldremaincorstant
Vp-scaling of a MOSFET leads to a parallel shiftilod transfer characteristi¢green)with
respect to tainitial characteristicgblack). This leads tat least @aenfold increase ihorr for
every60 mV of Vp reduction The static powedissipation in(1) therefore increases when

reducing \b.

— [ |/
Thermal L e
<5

hole injection

> |Vl

Figure 2 a) Schenatic illustration of a gype MOSFET The energy band diagrams are shown b
for two differentgatebiases. Théhermal injection of holes from source into the channel, limits ti
to 60 mV/decatroom temperaturdn) Vp scaling of the MOSFET. A tenfdlincrease indrrresults fo
every 60 mV reduction of ¥ The static power dissipation as a results increases.

Theinahlity to surpass this limit is starting to make its presence, as MOS&jprsaching
the 60 mV/dec SSimit are already in the market. This hatensified thesearch fowhat is
referred toassteep slopswitches switches with SS < 6MV/dec(seeFigure3a). One of tkese

proposed switches is the TFET.
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1.4.2 Tunneling Field Effect Transistor: Operating Principles

The TFET as a device concept is basedarversed biased paiode andhe tunneling
phenomenonwhich was briefly introduced in sectidn3. When the TFET is turned on, the
TFET behavs like a tunneling diodeni reverse bias modé currentflows when electrons
tunnel from valence band and into the conduction b&hd.BTBT mechanismoften referred
to asZener tunnelingis henceusedto attain arive current in TFETs. Howeven preventhis
currentfrom flowing in the oftstate the TFE structuradiffers from the tunneling diode by an
intrinsic or lightly dopedregionwhichis sandwiched between the highamd pdoped regions.
This regionblocks the tunneling currebly widening the tunneling barrielt thereforeensures
a low lorr. To erable b switch betweernhe on and offstates the intrinsic region is gateahd
serves as the channel regitvhenapplying agatebias the energy bands in tlmhanneregion
are manipulatethrough the field effectAt sufficient gate bias the engrdpands overlajpnd
Zener tunnelingis engaged A p-channel TFETwith the corresponding band diagram
schematicss shown inFigure3b. At the onsetof tunneling, an ideal TFET shows a very steep
I-V relationship which isot physically limited to thé0 mV/dec MOSFETIimit at room

tem peratu re
log(I) Ideal Si MOSFET b) V=0V
A 1 \'yG < 0 \,",
Ion ‘
V=0V .
-V c
EC 1 m_‘“/‘
i “Electron MY
> |Vl E tunneling lﬂg(lp)
A\

Figure 3a) A TFET can have a SS60 mV/dec at room temperature and therefore offer the pos:
of scaling the supply voltage without increasing the leakage currentoNftefl t oday 6
however, still inferior to the MOSFET. I§chematic illustration of a-phannel TFET streture. Thi
energy band diagrams are shown below for two different gate biases. The injection mechar
TFET is BTBT of electrons (indicated widmarrow). The BTBT current is activated above a ce
gate voltage corresponding to when the charalence band is above the source conduction banc
switching mechanism offers the potential of steep slopehldfacteristics.
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Both p-channel and «thannel TFET have similar paiode structure Asymmetric doping
profiles, where soue doping is higher than the drain doping, should however be used to
suppressunneling at the drakichannel interfacf16]. A TFET with symmetric doped pin layer
will exhibitambipolarbehavior sinceapplyinga gate bias witlopposite polarity can create a
tunnelingjunctionandinduce current flovat the drairchannelinterface This ambipolaritycan
alsolead to increased leakage current ésa@ero gate bia®thersuggestedevice strategies
for reducing the tunneling dhe drainchannelinterface includestructures withgatedrain

underlap47], heterogeneous gate oxif#8] and heterojunction TFET49].

1.4.3 Zener Tunneling Current

To analyzethe Zenertunneling currentn a TFET,onefirst has tofind an expression for the
BTBT probability at the channetource interfaceTunneling of an electron through the
forbidden energy gap ianalogous to garticle tunneling through a potentibhrrier. The
potential barrier across agunction can be approximated by a triangle [Sgare4. Theheight

of the barrier equals the banddapof the semiconductor artdnneling width d is proportional

to the tunneling screening lengtle- . The tunnel i nsgcompased eofetwd n g
componentsa-= awop + ah. The lengthewopis the parvhich isextended into the source region.

anop therefore depends on the doping abruptness as well as the doping level.

Source | ST

Channel

Figure 4 The tunneling barrier at the chamselurce interface can be approximated by a trian
barrier (gray area). The height of the tunneling barrier equals the materials bardJdye Epati
width of the tunneling uncti on i s determined by t he gsanc
t he c hharespeetively.a

Ingenerabhighs our ce dopi Bgg Wihlel disteedadrtmethasatho f o

extended into thehannelnd is strongly dependent on the electrostatic control of theTdede
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tunnelingprobability through atriangular barriewith a uniform electric field-can begiven

by the WentzeKramersBrillouin (WKB) approximatior{31]:

4 A TS
Twk g8 e”x—pm”. ©)

o o
Here m is the reduced effective mass, which averamgth the electron and holeffective
masses. I§3) a high electric field, low effective mass and narrow bandgap is assumed so that
the effect of the transversmergystates on the tunneling probabilitan beneglected50].
Only electrons within a certain engetic interval go G contribute to current floseeFigureb).
The TFETis thereforesaid towork asan energy fiteronl y al | owi ng el ectr o

flow.

Figure 5 Band diagram of a-phannel TFET with a degenerataype source doping in the etate
Only electrons within the interval 0 con
the degeneracy in theregion, although reducing the tunnekrba i e r also red
limit the current flow.

Now with an expression for the tunneling probabilibg total currentiensitycan befound
by integrating over thenergy intervatp t
¢ ON B )
f374+ 8 ANZEN AB (4)

T

*

Here &0(E)is the source and draifermi-dirac distribution functions, respectivelyhrough
rigorous manipulation of4) the following result is obtainefbr the tunneling currer8, 31,
50]:

25



——— - = AD A* A3

e — X —

8A2A2A Eg 3 PodrA
o o}

The electric field-in this expression can be approximated by
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As a major challenge for TFETSsits low tunneling current,hie expressionn (5) is used as
the starting point for many of the TFET performance turstrgtegiesand stateof-the-art
TFETSs, which will be revieed at the end of this chaptdn general, & see fron(5), that to
increase the current, the exponential term should be made close to unity. Wittt tespe
material properties, this necessitates a low bandgap as well as low effectivé&iméssly,
the tunneling widthe-should be minimized in order to ensure a high transparency of the
tunneling barrier.

The indirect tunneling from bar®-band in sendonductors like Si and Ge, requires
phononassistance to conserve theomentumof the processAlthough derived for direct
semiconductorshe analytical expressiom (5) has been shown to be in good agreement with
measured reverse biased heavily doped Gamtions[51]. The phonon assistance needed for
indirect semiconductorfiowever, significantly lowers the tunneling probability.

Note that(5) does not contain arntpermalenergyterm (ksA/q), and has therefore a weak
temperature dependencenainly originating fromthe temperature dependence Kf. The
phononassistancaeeded for indirect tunnelingoweverjntroduces an additional temperature

dependencm indirect semiconductorompared to direct semiconductor

1.4.4 Subthreshold Swing of Tunneling Field Effect Transistors

The SShas already been briefly introduced, @theparametemost ofterused to quantify

the steepness of thensfercharacteristicéor a field effect devices. It is defined as:

d ogd T
=& D ()

where bsis the drairsource current, ¥the gate voltage and SS is given in mV/ddee SS of

a TFET is one of the attributes which makes it sanhnteresting device concepfor a

MOSFETthe bs-Vg relationship isvell known and SS is given §g1]:
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Here G is the depletion layer capacitance ansk @e oxide capacitancé8) represents the
ideal SS, where interfactefectsand other unidealities degrading the SS areconsidered
The G/Cox term can be minimized bydacing the oxide thicknesK. excellent electrostatic
control of the gatés achievedthis term can be neglecteahdthe minimum obtainable S&r
a MOSFETbecomes:

keAT.

atroomtemperature

An expression for th&8S of a TFETcan be foundhroughtaking thederivatve of (5):

d ogd Jt O.;p 3+ C3~ t
SS=—_ "= = rD—];:D + 8 (10
O/G ( G O/G
Where
ol g3 2
4/
= "Cg (12)

We see that there are two terms in the denominat@Qpfivhich should be maximized to
achieve a lowBS These termsan be thought teepresentwo different switchingnechanisms
[52]. The first termis dominant if thetunneling probability is close to unity aictianges little
with respect to gate voltageéor a TFET with good electrostatic contved have

Qpa

=Y 12
B 8q (12

The SS originating from this terthereforereduces to

| p(10)
SS —a—A @e. (13
In this expressiorSS increases linearlywithda nd al | ow f or WwWanThis hi ng

is in contrast to th&¢MOSFET, where SS isalmost completelyndependent of gate voltage.
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When having aenergy band diagram in mind, tlsitching mechanism can be thought of as
theverticalshift of the energy bands and the band overlap dependencg of V

The second term i(L0) is dominating if the tunneling probability is small, but varying
rapidly with gate voltageln this case, theswitching mechanism is due to gate voltage
manipulation of theéunneling width ad the junction electrical fielhorizontal movement of

energy bands)rhis can be calculatdd [53]:

3 Modad £g)>

ss 4 LR .
G

Due tothe quadratic c i+Eg) dependencewe can see that thexpression foiISSin (14)
changesnorerapidly withgate voltagehan the term if13).1 t al so does Ynot v a
0, but can be made small through tuning the parametg&esand mi. Comparing(14) and(5)
we, however see that there existstradeoffbetweenachievingsteep SS antdigh lon, with
respect ta am. d
TheSS in(13) allows for a largepate voltageangefor which SS< 60 mV/dec, compared
to (14). When designing a device, this type of switching ige¢foge themoreattractive of the
two. In practice however,the two contributionsare coupled and cannot lngineered

independently.

1.4.5 Leakage Qurrent Mechanismsin Tunneling Field Effect Transistors

In an ideal switchno current flows when it ig1 the off-state Real devices, on the other
hand, will always exhibit some degree of carrier conduction. Different typesamgport
mechanismsancontribute to leakage currentsTFETs. Thetype ofcontributionspresentind
their magnitude dependn the material, devicestructure andyeometry as well amperature
and biasing conditionsn the following section the most common leakage current mechanisms

will be introduced.

1.4.5.1 Diffusion Current

Ideally the leakage current of a TFET should be dictated by the diffusion current of the

reverse biasediode An expression for theaturatedliffusion currenis given by[31]:

J= g AR D0 g2 (15)
GTAL LA,
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Here [ andL, are the diffusion constant and diffusion length for holes in tregion and
Dn and L, arethe diffusion constant and diffusion length for electrons in thegon. The
diffusion currentunderreverse biagss almost completely independent of dramurce biasAs
both source and drain doping levels are high diffusion barrier for a TFET is very high. This
usuallyensures a vg low diffusion currenat room temperatufer TFETs The quanties D,
L and nare all temperature dependent, and the temperature dependence of the diffusion current
is given by[31]:

Eo( TY

Eo( T) (16)
2 AN '

ke A

J(TT DT E X p =T*Y R xp
Here o is an integer. Irthe last expression ifil6) the temperature dependence of the
polynomialterm is negligible compared to the exponential term. Biffa currents therefore
have a temperaturedependencavith activation energylose tobandgap Ea ~ Ec. At high
temperatures diffusion currentssually become dominantlue to this strong temperature

dependence

1.4.5.2 ShockleyRead-Hall Generation Current

Crystal defects either in the bulk or at the surfaaa constitute trap states within the
forbidden bandgap of the semiconducibinese trap stateslow generation of electrehole
pairsto take placeavithin the depletion regio{seeFigure6) andcontribute toa current flow
The generation ratéJsgrn, can be described WyhockleyReadHall theory[54, 55] Usrn is
maximized fortrap levels with energy:Elose to the intrinsic fermi level; Be: = Ei. These
midgaptrap statesare thereforéhe most effective generation cesteConsidering only these
trapsan expression for the generation rate is give[Bhy;

l<il|O/5§'nA{t A & 2-28 17

Usrit- G, AL +m A GAL +p /'

Here Nis the number of trapsin is the thermal velocity an) »is the electron and hole capture
cross sections, respectivelyis the expressiomside thebracketsand is the generation carrier

lifetime. The total generation cumeis proportional to thdiodedepletion layer width W

‘]ge"?01 ADBRANDz'q’_L’éNVD- (18)

As Wp is dependent on the applied revesss, it is expected that
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Jg ee Qb i v, (19)

for abrupt junctionsHere(pi is the junction built in potentiallhe temperature dependence of
SRH generation current governed by te temperature dependencemfif the generation
lifetime is a slowlyvarying function of temperature:
Ec( T) (20
. 31/ f CAN.
b T ®)T /& x pz:aB:r .
The activation energy of a SRH leakage current is therefore clbsdf tbe materials bandgap
Ec.

1.4.5.3 Tunneling LeakageCurrents

Thetunneling of electron through the bandgeged as drive current mechanism in TFET
canalso contributeto significantcarriertransportin the off state especially for devices with
short intrinsicchannelregion andpoor electrostatiqggate control of the body.eakage current
due to £ner tunnelingan be described laysimilar expression as toattgiven in(5).

=

Figure 6 Band diagram showing different leakage current mechanisms. When traps are pres
bandgapboth SRH scattering processes involvingd gaptraps (blue arrow)andTAT events(greel
arrow) increasesA SRH proces$as a strong temperature dependemtele tunneling process ha
strongelectricfield dependencaVhen the channel width is small and the electrostatic gate cor
the body is poor, BTBT (purple arrow) can take place evémeoff state of the transistor.

Traps camalsolead to increased tunneling currents dudrap assisted tunnelin@ AT).
TAT is the unneling between energy bands and trap states within the bafsdghjgure6).
The two leakage mechanisn&RH and TAT often takeplace simultaneouslyrhe combined
leakage current due toede two mechanism can be described by the Hurkx mid@d! In this
model the SRH astant, Wrn, in (18) is replaced byiap:
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Herel is the electric field enhancement factor, which is given by the integral:

B ! Er o 242 rﬁﬁETSI/_;S/ 2 (22)
T R AT

Heresis the electric field anér is the trapenergy levelwhich equals /2 for midgap traps.
At low electric fieldsl is close to zerandthe current is simply given QiL8). At high electric
fields the tunneling events will dominateasicreases

The temperature dependence of a TAT process is dependent on which of the two processes,
tunneling or SRH, is dominatinght low electric fields,the SRH mechanisms usually
dominating which as explained above results in an activation energy edd@PRtdt can
however becomesignificantly lower whertunnelingis dominding at higher electric fields

As tunneling has a strong electrical fiettkpendence, everything that modulates the
electrical field can alter the leakage tunneling rate. For TFE#Fsshort channels and poor
electrostatic control of the gate, a dependence of tunneling leakage with thecdna@ia bias
canbe seenThis effect is often referred to as dramducedbarrier thinning (DIBT) and is due
to the modulation of the drate-source tunneling barrier width with respect to the dsaiarce

bias.

1.4.5.4 Gate Oxide LeakageCurrents

Gate oxide leakage is a shared problenmost field effect devicesith aggressively scaled
MOS systemslideally the energy barridyy the insulating gate oxide should & large that
they prevent the free flow of carriers from the metal to the semiconductor or vice versa. In real
insulators on the other hand some degree of carrier conduction will be present at sufficiently
high eledrical field or temperatureEspecially tunnelinghrough the oxidehas become a
problem as thexide thickness is scaled down tceeb the requirements of mode@MOS
technology The gate oxide leakage can be suppressed by increasing the physical oxide
thickness. This however degrades the gate controlreduteshe total MOS gate capacitance.
To omit this problem higfe materials, materials witdielectric constant larger than that of
SiOp, 8> asio2= 3.9, have become standard in CM@S$hnology More information of the

leakage current in a MOG&pacitor system is given in Appendix.
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1.4.5.5 GatelnducedL eakageCurrents and Ambipolarity

Gate induced leakage curreatedue totunnelingevenstaking placen thedrainregionor
at the drairchannelinterfaceof the deviceTunneling at the drakchannel interface, is a unique
and often encountered problem for the TFET. This is often referredambipolar leakage
andis a consequence tife similar pin structures of pand nrchannelTFETs. The gatevoltage
does not only modulate the sowa®annelbarrier, but also the drakwchannel barriecan be
altered to the extent where tunneling is allowed.

For devices with a gatérain overlap,unneling can also take plaicethe accumulation layer
formedinside the drainFor a certain gate bias the energy bands in this regidpeateto the
extent that tunneling is allowedunnelingtaking placen this region is often referred to gate
induceddrain leakage (GIDL). GIDL is not unique for the TFERdhas for a long time been
known to contribute to leakage current in MOSF[ETs 58] Gate inducedeakage currents
both ambipolar leakage and GIDleads taa distinctambipolarbehavior.For a ptype device
this means that the drain current increases with positive voltage, and that the drain current
increassfor negative voltage faann-type device, respectivelate induced leakage currents
can also lead to an elevated leakage fldeenvno gate bias is applied.

The terms ambipolar leakage and GIDL are often used interchangeably, bsttireferto
leakage currents induced by the gate. It can however be useful to differ betweeasthe
different design approaches might be needesdippress the two.

1.5 Tunneling Field Effect Transistors: State-of-the-Art

In the above sections the operating principles of a TFET was explained, and expressions for
the BTBT drive currentsSand different leakage current mechanisms was glvénow tine
to takea look at howone with this knowledgebestshouldproceed vmenengineeinga TFET
to meet the requirements of theanternational technology roadmap for semiconductors
(ITRS)[59]. At the moment there exist® scientific consensusith regards tahis, and darge
variety of strategieand TFET conceptsave evolvedWhat follows is therefore an overview
of some performance boostensd the statef-the-art TFETs
1.5.1 Material SystemConsiderationsfor Tunneling Field Effect Transistor

Design

As has been previously stated, the potential of the TFET lies in its steep subthreshold
characteristics. This allows for a much needed supply voltage rediartibe next generations
of electronic devices. The gate voltag@eledence of the SS for a TFEJee(13) and(14) in
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sectionl.4.4), leads to that the tunneling current exhibit an early saturation a¢riggke
voltages. As a consequeniesy of TFETSs are, to datépw compared tdhose ofMOSFETS.
Increasing dn, without degrading SSd lorr, is therefore th& FETs biggest challengand a
major obstacle for realizing TFETs as viable candidates to replacing MOSFETSs.

When focusing on increasingn, the expression for theBTBT current (see (5) in
sectionl.4.3, can be useds astarting pointfor finding anoptimal TFET semconductor
material.This expression states that thateriakenergy bandgap,d-andthe reduced effective
mass, m, and tunneling widtr-should be minimized to increase the tunneling currené T
first two parameterdepend solely on the material syatevhileas can be i nfl uence
parameter, like doping profiles, geometry and gate capacif@@teéDue to the large bandgap
and large carrier masSi canin this regarde consideredn unideal TFET material. $FETs
are however, still themost studiedThe knowhow, excellent qualityand availabilityof Si is
superior to that ofany other semiconductoiOf the TFETs that experimentally have
demonstrated S§60mV/dec, SiTFET, stands forthe largest portion fothese reported
device$61]. Experimental studieslo however agree with predictiorss Si TFETs exhibit
overalllow Ion[62, 63, 64] Of the group IV materials, SiGe and Ge arereinteresting They
can easily be integrated on afatformand make it into mass productjdiut have aeduced
bandgapand reduced effective mass with respect t8monstrate&iGe TFETE5] and Ge
TFETs[66] alsoshow considerably higheroh compared to Si TFETS hese materialstill
suffer the samenajorproblem as Sinamely that they are indirect semiconductor matefial
orderfor electronsto tunnel between bandsisaligned in momaumspace they mustalso
absorb energy from vibrations in the crysiidiis significantly lowers theannelingprobability.
Potential of group IV materiafsr TFET, howeverljes indirect bandgap transition engineering
through straif67] or through alloying with Si68].

Group IV semiconductormaterialssuch as InGaA69], have the advantage that they are
direct semiconductorandas a resulshow considerably higher tunneling curretitenthose
of Si TFETs Using the mix of two group HV compoundscreating staggered gap
heterojunctions, likelnGaAs/GaAsS[Y0] and AlGaSb/InAg71], have demonstratedthe
highesttunneling currentso far, withlon comparable tahat of current MOSFETS he high
currents is a result of the natural overlap between bands which leads to that less voltage is
needed to turn these devices @roup IV materiak are still a bit too exotic for mass
production in logic chipsThat larger companidie Intel are looking into these materials for
the use INMOSFETs[72] , is, however a sign forthat this might only be atempaary
showsbpper
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Althougha bias toward group HV seems to have evolved ftire n-channel TFETthis is
not the case for the less studiedannel TFET. Here the low conduction band density of states
is alimiting factor for Ill-V materials[73]. Finding one singlematerialthat is suited for
complementarylTFET, which is a must if TFETs should be implemented in logic chgps,
therefore another problem facing TFETan® havesuggestedhat a future complimentary
TFET element can consists of both tgpef materigli.e.group IV materialfor ap-channel and
a goup llI-V materialfor n-channelTFET, respectivel\{74].

Materials that haveattracted recent interest are 2D materials like trarsition metal
dichalcogenidesnd graphend75]. These offer high electron tunneling efficiency through a
brokerrgap band alignmerdand a lowlorr throughband gap engineering of drain material.
Even though these materials are at a very early stage, TFETs have alreadgrbesstrated
[23, 76]

When choosing a materiaith the sole purpose @icreasing the tunnelingurrent, onean
run into trouble Especially vith bandgapengineering, théradeoff due toncrease ofeakage
currentwith lowering of the bandgdpecomes a problenihe above referred 1t -V staggered
bandgap heterojunction TFETs aaldo low bandgafe andGeSnTFETs[77], which show
high lon, alsoexhibithigh leakage currengdpoor bn/lorrratio. These devices havet been
able to demonstrateSS<60mV/dec This is not only due to low bagdp, but alsoa
consequence of the loguality of thesematerial Crystal defects, both in the bulk at the surface,
increase SRH and TAleakage currentdVith respect to material qualitf,FETsaresaid to
require a much higher degree of perfection than previousr@héctdevices[78]. Novel
materials, thatire predicted to show excellent TFET characteristften lacktechnological
experienceThis is thought to be the main reason for the large gap between the expeaingent
themuch nore optimistictheoreticalpredictionsof TFETS whichoften neglects nonidealities
[61].

The drain and sourcdoping profiles are othermaterialparametes which can be tunedo
improve device performance. The source doping profile and level determines the tunneling
barrier widthay while the drain doping profile affects the electrical field and ambipolakity
high and abrupt source doping is needed to ensure a small depladit in the source. A
source doping abruptness of less thammidec is needed to maximizenI[50]. However,
degeneracy limits the number of electrons available for tunneling and can reduce |

The gate oxide material isyportant to ensure a good electrostatic control of the Baté
a higher én and a lower SS can be obtained by increasingabeoxide capacitandg9]. The
problem of having a high oxide capacitance, but on the same tieventing gate oxide
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leakage, is thanks to the advances in MOSFET technology, solved by implentegtiay
oxides Some commomhigh-a oxides are Hf@ Al.Ozand ZrQ. Many semiconductdnigh-a
surfaces, however, suffer from very high interface trap dengidigs which prevents low SS

of being achievef#8]. Surface passivation chemistnas therefore become an essential part of

the work in improvinguture TFETSs.

1.5.2 Geometry Considerationsfor Tunneling Field Effect Transistor Design

In order to improve TFET performancgeometry andlevicedesignis also importantn
order to tilize thematerial systemat handln bulk TFETs a tradeoff exist between achieving
high onrcurrents and small values for I systems, achieved with nanowire geometaas,
2D crystalshave been proposed as ideally suited for realizing TFETs with digdnt low SS
[53, 80] In nanowiregeometrieshe electrical gate field penetrate the entire bodtla@ckfore
represents thaleal electrostatiayatecontrol. In this devices a pstructure is often used and
the positional dependence of the gate with respettiequnction is used teeparate the-p
channel andwthannéTFETs The gate metal is chosen to deplete the channel in the off state
anintrinsic region is then achieved electrostaticalghieving 1D and 2D systems lsowever
technologically challerigg, andnot realizable for all material§caling down to the atomic
level alsointroduces a problem of variability, where placement and concentration of dopant
atoms and interface roughness can significantly change the electrical prdpéities

In addition to reducing body thicknesgell alignedgates are a key technological challenge.
Both unintentional gatenderlap and overlap can have serious deteriorating effects on the
TFET performancg82].

Having an intentional souragate overlagas been shown to boost drive currentSiif83]
and SiGg84] TFETSs. In this case tunneling does not only takes place at the source channel
interface, but also inside the gate overlapped source region

Channel length is another design considera#lochannel reductiosanreduce the channel
resistance and hence increasg85]. TFETsarelessprone toshort channetffects compared
to MOSFETsas the barrier heigig not affected by channel redu@n. Direct sourceo-drain
tunneling leakage, however, is a problem TdfETs with very short channsland poor
electrostatic gate control of the bodyhese devicesften exhibitDIBT, where the leakage
current is a strong function of the drassource voltage.

Manyconsiderations must be madbenthe optimal materiadystemand design of TFETs
arediscussedIn most casesining parameters are entangket will affect each othefThis
very oftenleads to tradeoffs It is alsoexpected that an additive combination of performance
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boosters simultaneously optimizing many parameteese needed to achieve TFETs
compatible with modern MOSFETS80]. The recently reported ATLAS TFE[R3] is a good
example othe complexity which one might expect to see more of in the future. This device has
atwo dimensional TFEGeometrywith molybdenum disulfide as channel makand a highly
dopedGeas sourcenaterial. It haslemonstrated a record SS of 3.9 mV/dec and an average of
31.1 mV/dec for over four decades of drain current at room temperéhads of this device

is however two orders of magnitudelowthe ITRSrequiremen{59].

1.6 ThesisOverview

This thesis details fouapproaches foperformance tuning gé-channel TFE$. Thefocus
of these approachess mainly given tobandgap and doping profile engineerofghegroup 1V
materials @ and GeSnThese materials anealizableon a Si platform but have lower
bandgaps compared to Si, which is favorable for improvirg3ome device desigaspects
are also considereds thanfluence of having a gat®ource overlapegionin the vertical TFET
structuredss studied The TFET are studied through ttiabricaton and subsequent electrical
characteriation Areaand temperaturdependencés also considered ad usedto separate
different leakage current contributions, aneéwauateand predict scaling trends.

In addition,two experiments investigate the passivation methods for trsei&edahrough
the fabrication and electrical characterization of GEPAMOS capacitors

A short descriptiorand overviewof each ofthe remaning chapters will now be given.

Chapter 2- Vertical Tunneling Field Effect Transistor Device Fabrication and Data

Acquisition

The TFETspresented in this work were all fabricated in the clean room aStdi&gart In
this chaptethe details of th device fabricatiorand procedures will be described. First some
information of the molecular beam epitaxy (MBE) system and growth of dxbup
semiconductor materials is given. A second part of this chapter gives a walkthrough and a
detailed scheme of thgateall-around (GAA) fabrication process used after epitaxial growth
to attain measurable TFET devices. Some information of the data acquisition and processing is

also encloset the end othis chapter.
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Chapter 3 - Germanium-Tin P-Channel Tunneling Field Effect Transistors: the Effect of

Tin-Content in Germanium-Tin Channel

The effect of implementing the low bandgap mategeimaniurmtin (GeixSn) in Ge p
channel TFETSs is presented@hapter 3At the onset of this thesis, there existed no published
experimental or simulation studies of &&n TFETS. The prediction of achieving a direct
group IV semiconductathrough alloying Gevith Sn[86] had howevergained considerable
momentim, andthe potentiabf incorporating the materiah TFETswasnot only considered
by our groupThe firstdemonstration of &e1.xSr TFET waspresented in 2013 by Yangadt
[87]. The handful ofpublishedstudieson Ger.xSrnk TFETS so farareall similar with respect to
its goal, namelyhe prospect ohcreasing the tunneling probability and drive currents through
bandgapengineeringWith the focus orvertical structures, where thpen layerstructures are
achievedy means oMBE, andthrough examininghe bulk and surface current properties, th
studypresentedn this chapter givesewrelevant information on the potentahd challenges
of theGerxSn material system.

It is shown thatdn successively increases with increasingc®ntent in the channeh
successively increase in bulk leakage currents is also reported, which is concluded to stem from
bandgap reduction and degraded @alystjuality. Area dependenceon the electrical

characterizatiopredics improved SSwith increased Sicontentby further downscaling

Chapter 4 - Germanium-Tin P-Channel Tunneling Field Effect Transistors: Positional

Dependence ofzermanium-Tin-Delta-L ayer at Source-Channel I nterface

In this chapter th&e.xSn/Ge heterojunctioFET design spaceintroduced in Chapter 3
is further exploredthroughlooking at thepositionalplacementf a 10nm Ge 9eShy .o+ U-layer
at the sourcehannel interfaceWith the assumption that tHeakage current can be reduced
when theGe.96Sh.04is confined within in al-layer, ths experimentaims to investigatbow
this layershould be positionedt the sourcehannel interfacéo maximizelon. The area and

temperature dependence on the electrical characterization is reported.

Chapter 5- SourceDoping Concentration Variation in Germanium P-Channel Tunneling

Field Effect Transistors

In Chapter Zhe effect of varying the sour@ping concentration in Geghannel TFETs
with source gat®verlap is presenteth TFETs with gatesource overlap it is assumed that two

type of tunneling cuents contribute took, namely tunneling at the sourckannel interface,
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pointtunneling,and tunneling in the gate overlapped source redjioertunneling.For these
TFETSs, the source doping concentration can become an important tuning paravitbter
respect to improvingoh, asits magnitude is expected &dfect thesecurrentcontributions in
different ways.

Simulationspresented by Vandenberghe et[&8] havesuggestd that an optimal doping
concentratiorexistfor TFETs with gatesource overlap. The study presented in this chapter is,
however, the first which experimentally investigates the effestaofing thesource doping
concentrationn Ge TFETs. Contrary to the simulations, little effect of the sourceidgp
concentration onok is observed. The S®n the other handcan beseen to improvevith

increagng source doping concentration.

Chapter 6 - Source Doping Profile Tuning in Germanium P-Channel Tunneling Field

Effect Transistorsthrough Molecular BeamEpitaxy Antimony Pre-Buildup

TFETSs requirevery abrupt source doping profiles to maximiag. IA well-known method
for achieving steep doping profiles wiRfBE is through gore-buildup dopingtechniqug89].
With this techigue doping segregation, which is the main cause of doping profile smearing in
MBE, iscompensated

In the study presented in this chapter, this method is for the first time implemenied in
fabrication scheme of vertical TFETshd effect of varying t Sb monolayer(ML) buildup
concentration on the electrical characterization of these devicstudged through three
samplesSmall improvements both in terms efland SS can be setor a Ge pchannel TFET
with 1/10 ML Sb concentratian

Chapter 7- Electrical Characterization of Germanium/Aluminum Oxide/Aluminum
M etal-Oxide-Semiconductor Capacitors Passivated throughPost PlasmaOxidation

A good surfaceguality is essential for not degrading tiieF E TS&,sbn and brr through
interface traps. Adigh-a/Ge surfaces in generélave a highDi, improved Ge surface
passivation methods are necessary for futureb&ed TFETs. IIl€Chapter 7a postplasma
oxidation passivation method of the Gerfacds investigatedthrough he fabrication and
electrical characterization of GeM@s/Al on StsubstrateMOS capacitorsThe postplasma
oxidationis performed witithe aim of creating germanium oxideGeQ) interfacial layers
between th&e and AJOs.

This passivation method was i1 mpl emented

in this thesis, and the electrical charact el
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surface ghink$s eyant to these studies.

Chapter 8-Impact of Sulfur Passiation on the Electric Characteristics of

Germanium/Aluminum Oxide/Aluminum M etal-Oxide-Semiconductor Capacitors

Sulfur (S) has emerged as an attractive candidate for passivatitimee @e surface. S
passivation, has also been implemented in the fabrication sche@®& f&mn based field effect
deviceq90]. Passivating GeandGe.xSrx interfacesthroughSis, however, relatively new with
the first experimets performed less than a decadm [91]. More experimental studies are
therefore called for, in order to better assess its potential as a standardized passivation method
for Gebased devices.

In this chapter,S-passivationof the Gesurfaceis studied through the fabrication and
electrical characterization of Ge&k MOS capacitorslt is shown thathe Spassivation
reducs the leakage current for low electrical fieldmd reduces th&€-V characteristic

hysteresis. Thidoes not come at the expense of a thicker equivalent oxide thickness.
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Thedevices investigated and presented in this thesis were all fabricated in the cleamh room
IHT Stuttgart The devicefabricationprocesstself can be divided into two main par{$) the
epitaxial growth othe semiconductor layer structwand(ll) the process of transforming é¢h
layer structureinto vertical GAA field effect devicesThesetwo parts are the subject for the
first two sectiondn this chaper, respectivelyln the third section information of thedectrical

measuremest data acquisition and data processinggaren.

2.1 Molecular BeamEpitaxy

For the optimatieviceperformancef aTFET, many requirements Y&to be fulfilledwith
respect to the semiconductor structudrupt and high concentratiodoping profilesare
especiallyimportant Additionally a high crystalline qualitys needed to avoitigh leakage
currentsand degradation dhe device performancén this work MBE was used to grow the
semiconductofayer structuresMBE is a form of physical vapor deposition process, where
deposition onto a crystalline substrate is conducted under ultrahigh vacuum (UHdfjoosn
Compared to other epitaxial growth methods, MBE is unique in the way that it allows deposition
at very low substrate temperature, coringl growth reproducibility to atomic monolayer
dimension and the ability of real time monitoring of the giopiocess itself.

Figure7 showsan example othe schematics of standard equippeMBE chamberThe
substrate igositioned in the top of the chamibacing down towards the effusion cells and
electron beam evaporatgresitioned at the bottom of the chamber. The substrate temperature
is controlledby aradiation heatepositioned abové, radiating the backside of the wafer.

A very important requement forsuccessfuMBE growth is keeping the substrate surface
clean from contaminant$Vhen asubstrate surface is contaminated, the crystal information is
lost for the impinging atoms. This may result in everything from crystalline defects to
polycrystalline or in the worst caseamorphous growtlfi22]. To avoid this, UHV conditions
arenecessary tensue minimalbackground vapor. The necessity of UHV conditions also leads
to a mearfree path of the atoms longer than the dimensions of the bthber. Atoms
thereforeform a beamas they move from their souraad ontadhe substrate without collisions

inside the chamber
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Figure 7 Schematics of a MBE chambghowing the main componeniBhe substrates positioned t
the center in the upper part of the chamber, and faces downward towards the effusion cédksaa
evaporation. The substrate temperature is controlled by a radiation heater situated above. A re
analyzer, a quadrupole mass spectrometer gydcaneter are examples of measurement device
allow real time monitoring, as well as control, of the growth process.

2.1.1 Molecular BeamEpitaxy Growth Process

A well collimated beam of the regqed constituentss achieved through electrical heating
of theirrespectiveevaporation soureeln this workanelectrical beam evaporator was used for
Si and effusion cells were used for Ge and i®spectively A calibratedbeam supports
constanflux of atomsimpinging onto the substrate. From here MBE growthprocess itself
is dominated by the substrate surface kinetics of atoms, or molecules, reacting with the top
atomic layer of the substrdi@2]. Thesurface kineticef theMBE processcan bedescribed by
the interaction between threstates(l-11l): (I) Free atomsimpinging orto the surface(ll)
Adsorbed atomsadatomswhich stickto the surface, but are mobile on the substrate surface
(1) Atoms hatare incorporated into theystal The second state is especially important as it
enables the atoms to move to the crystal lattice posjtaanepposed to random positioasd
the substrate crystal structure is presergmtaxial growth takes place when an atom goes
from the pocessadsorption(l) Y (lII), followed byincorporation (IY (1 1 1 ) .theHowe v e
processedesorption ()Y  (, dnddetachmenglll) Y ( bslwgll, as reflectiofl) Y ( dan
also take place. Thiifferentrates of all of these processes dependshmgurface temperature,

beam flux and material propertiés.g.sticking coefficientandionization energy)A natural
41



requirement for epitaxial growtis that the rate of incorporation must be higher than rate of
detachmentind desorptionWhen thisconditionis fulfilled, high temperatures are usually
necessary for goodrystal quality In MBE processesubstrate temperatwwgelose to or below

half the melting poinbf the material are commdg2].

2.1.2 Dopingin Molecular BeamEpitaxy Systems

In MBE, doping is achieved by simultaneously incorporating dopant atoms during growth.
For group IV semiconductosenc (As), phosphorougP) and antimony (Sb) are the most
common ktype dopants, whildoron (B), auminum (Al), gallium (Ga) and Indium(In) are
common ptype dopantsThe choice ofwhich dopant element to use bssedon different
criteria. Important is the @ubility of the dopant materiah the matrixcrystal the ionization
energyi,its vapor pressutaliffusibility and the geeral hanting of the materia({e.g toxicity).

Properties for different dopants are showii able2.

Table 2 Properties of dopants.

Dopant| Type | Solubility | Solubility | lonization| Temperature
in Si in Ge energy for
[211] [211] (eV) |P=1.380*Pa
[31] (K)
[212]
B p 0.8 17 0.045 1773
Al p 0.002 0.073 0.067 1093
Ga p 0.008 0.087 0.072 953
In p 4A0* 0.001 - -
P n 0.35 0.08 0.045 353
As n 0.3 0.02 0.054 433
Sb n 0.023 0.003 0.039 623

In the MBE system used in this work B andé®bused as ypand ntype dopah respectively.
B is theobviouschoicefor p-type dopantas it has the highest solubiligynd lowest ionizatio
energy Shis used asAtype dopantAlthoughSb hasa lower solubilitthanbothP andAs, the
vapor pressure of theséher twoelements is very higfihis makes dopant control difficulis
well asit leads to chamber memory effeetsd higher backgrond doping92]. In addition P

and As are both extremely toxiwhich makes handling an issue
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For TFETs abrupt and high level doping concentrations are requiinedViBE technique
allows epitaxial growth at low temperatures in regimes were dopant diffusion is negkgible.
MBE growth sirface ggregationis the dominant mechanism for doping profile smearing.
Especially for Shsegregatioin both Si and Genustbe appopriately taken int@onsideration
[93]. Surface sgregatiordescribes thesituationof whenit is more energetic favorabfer an
atom to stay mobile on thesurface than it is to beacorporated into the crystal matriwith a
constant dopant beam fluxhe mismatch between incorporation and adsorptanss a
buildup of dopantadatoms. Only after reaching a certain adatom concentratioes the
numberof dopans incorporaed into the crystal matrigqual thenumber ofdopans delivered
by flux. Different techniques can be usedstuppressiopant profile smearingesulting from
surface segregatio@o-evaporatiordescribes growth where the direct incorporation of dopants
takes place. This technique requires thasubgratetemperature is lowered to the poirtieve
segegation is negligible. A substrate temperature loweringually introduce more point
defects into the layer and cdegrade therystalquality [92]. It hencerepresents tradeoff.
Another techniquegften used when shagoping profilesand high doping concentrati@me
required,is pre-buildup. In the pre-buildup technique the dopantadatomsconcentratiorare
pre-adjusted while thgrowth of the matrix material is temporarily arresfi@d]. A highinitial
adatom concentratiowill compensatahe surfacesegregationand providea steadystate
dopingprocess

Other MBE doping techniquasaclude solid phaseepitaxy[94] anddirect and secondary

ion-implantation[92].

2.1.3 Molecular BeamEpitaxy Growth of Germanium on Silicon

In this work Si <100> waferswere used asubstratedor the Ge basedlFET devices
Although Ge substrates are available, theyotemmuch moreexpensivend less durable than
the Si alternative For integration purposesyhich is a important requirement when
considering the TFETSI substrates ateencethe only viable optionA complicating factor by
using Si substrates is, howevdre thetevepitaxial growth of Ge on SiAs Ge has dattice
constant, &, which is4 % large than thdattice constanof Si, asi (seeTablel in sectionl.2),
Ge will experience a compressive strain when growectly on Si.Strain can significantly
altertheelectricalpropertiesof a material by changingts bandgapeffective mass anchrrier
mobilities[95]. The epitaxial growth of perfect dislocatibree strained Gavhere Génas taken
onthe lattice parameter of 36 known as pseudomorphic growffeeFigure8b). This type of
growth will continue until a critical thickngs of stability isreached[96]. This thickness
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corresponds to the stage in the growth process where the first dislocation is formed, releasing
some of the built in strai(seeFigure8c)l. The relaxation through dislocation formation will
usually continue until the lattice constant of Ge is reach®&dislocation consists of one
segment that is perpendicutarthe growthdirection theseare referred to amisfit dislocations

At thetwo ends of a misfit dislocatioane findssegments that thread upwards to the substrate
surfacg(60° on the <111plane for gowth on <100>substrates]97]. Thee latter are referred

to as threading dislocationalthough necessary for relaxationslbcations represents defects
in the crystalWhich could constitutdrap states within the bandgap of the materiateftain
number of trapsNt, can be found per Igth of dislocationsgvalue of traps per lengthfound

in [98], with Nt = 10° cm for SiGe material systems)rapscansignificantly deteriorat¢he
performance of electronevices, andre thereforevery undesirable
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Figure 8 a) Heteroeptixial growth of Ge on Si can be problematic due to the lattice mismatch
Si and Ge, & > asi. b) Pseudomorphic growth of Ge. Here the grown Ge takes on the lattice ¢
of Si. Strain is effectively built into the grown crystal structur®sStrain is relieved through t
formation of misfit dislocations.

A method of controlling the defect formatidor the active layers oGe grownon Siis
throughthe formation ofa Gevirtual substrat (VS).In addition to the bulk Si substrate the VS
consists of a relaxed buffer layéfhe purpose obuch abuffer layer is to form amisfit
dislocation network which is fully contained within the W&If. In this way the lattice constant
mismatchis aqustedand themisfit dislocation formation is limited fdhe successively grown
Gelayers The ideal VS shouldlsohave a limited number of threading dislocations interfering
with the active layers grown above the buffer. For integrates) well asredu@d heat
dissipation a low thickness of the buffer layer is prefer{88]. The SiGe buffer technology
has been cruciafor the high mobility strained S§iGeand Gechannel MOSFETELOO].

1 This is a simplified picture of the growth process. For the Ge on Si system thim stiitiin is released through

the formation of three dimensional islands. After these islands has been formed, misfit dislocations are formed at
the interface of theselands, and the surface again becomes smooth with continued growth. This is known as
StranskiKrastanov growtti213].
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The Ge VS used for the devices presented in this wgaukique by that its consistof a
very thin buffer layer, gster = 100nm. The buffer layer is formed by the epitaxial growth of Ge
direct on Si at substrate temperature iun = 330°C. After the deposition o6Ge on Sjthe
growth process is temporarily arrestétie grain isthenadjusted through high temperature
annealingstepat a substrate temperatuvé Tsup=810 °C, with a durationof five minutes
During this stepghe misfit dislocation segments are extended and the threading dislocations
glide to the edge of the wafer were theylass likely tointerferewith the active epitaxial layer

grown oo the buffer[97].

2.1.4 Molecular BeamEpitaxy Growth of Germanium-Tin

The MBE growthof Ge.xSrk can beconsidered a relatively new disciplinglthough a
handful ofgroupsconductedGerxSn« MBE studiesin thelate8 0 amslearly9 0[&04, 102,
103, 104, 105]the significantshare oMBE-Ge.xSrk studieshasbeen conducteduringthe
lastdecadeThe promise of group IV direct bandgapnaterialthrough incorporating Simto
GewxSryk, has attractedonsiderablénterestto Gey.xSrk for optoelectronic usg406]. A direct
and lowbandgapmaterialis also interesting for TFETslue to the prospect of significantly
increasing theBTBT probability and hence the drive currgh®7]. Due to the large lattice
mi smat ch of 1-8naiid GEandtleetiow sofidnsolubility of 1 % of Sn in Ge, a
lot of experimental effort is currently directed towards ¢péaxialgrowth of GexSn[108,
109, 110] The epitaxial growth of Ge.xSrk usually has to beperformed atvery low
temperatures (typicallfsun< 200 °C), to suppress segregati@and phase separation of Sn
[111]. Simultaneouslybtaininghigh Srcontentand achievindpigh crystal qualityatthesdow
temperatures ithe major challenge fdgei.xSn grown by means of MBE

In this work theGe.xSrk was grown on Ge, and is used in the active layer of the TFET
structures. Ger.xSr has a larger lattice constant than Gke the heteroepitaxiajrowth of Ge
on Si, the growth oGe.xSn on Gewill therefore introduce compressive straim the Gex.
xSrk layers(analogous téigure8b). The expected critical thicknee§Gey.06S .04 (the highest
Sncontentusedin this work), is, howeverthickerthan theGe.xSrk layerthicknessused112].

It is therefore assundethat allgrown GerxSrx layers reported in this work gseudomorphic
biaxially strained with respect to the underlying. Glis compressive strain increases the
separation between the indirect and direct band edgegpared to fully relxedGe.xSn. The
predicted crossover of the indirect and direct ban@gag function of Sigontentand strairis

a matter of ongoing debateut a recent experimental study haskown a that therossover
concentration i ~ 9 % for fully relaxedGerxSn[113]. For pseudomorphiGe.xSr on Ge
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a Sncontent of at least =17 % has been propos¢til4], but some have also argued that
indirectdirect transition cabe obtainedvith the externatompressive strain arising from the
GesubstratflL15].

2.1.5 Molecular Beam Epitaxy Growth of Germanium/Germanium-Tin P-

Channel Tunneling Field Effect Transistors

Bellow follows a description of thgrowth procedurdor Ge/Ge..xSn p-channel TFE$ as
it was performed in this work.

A high temperatureTsub> 900 °C) surface cleaning stgd.6] is performed before growth.
This is performedad ensure an initial clean surfaeed removehe native oxide which is
essentiafor high quality epitaxial growthAs explained irl.4, the TFET hasapin diodelayer
structure.For a pchannel TFET the-pegion serves as a drain and thesgion as a source,
respectivelyFor thevertical devices presented here the buriager serves as the drain, and
top layer as the sourcéhe growththerefore starts witlthe heavily pdopeddrainregions. The
first layer is aSi buriedlayer. This layer serves ascontact layeas well ast reconstruct the
crystal surface covers reraining surface contaminantnd ensures a smooth surfaéer
successivggrowth The thickness of this layer can be redudy usingheavily pdoped
substratedn which way the substrate itself serves as contact |&perdrain region continues
with the gowth of the Ge V®uffer layer which was describatbovein section2.1.3 As the
VS is a part of the drain regipthedrain arrenthas to flow througlit during operationThis
buffer layerthereforeads to the total series resistantae Ge VSis heavily pdopedas a
measure to reduce the resistance of this l&@e to hehigh annealing temperature needed to
form theGeVS, it is essential thathe pin layer structuris grown in thisorder Sb-doped Ge
cannot be annealed at temperatures abovéG@ue to the strondiffusion of Sb in GEL17].

On the Ge VSarelaxedGe drain region is growThis region is, after device fabrication,
overlapped by the gate electrodevery thick drainlayer might enhancgate inducedirain
leakagecurrents Except for thisthe thickness of this layer is not a critical parameter with
respect to the TFET devigerformanceandcan be adjustetb controlthe total mesa height
Thedrain dopindevel Na should be lower than the source dopliexgelto suppress ambipolar
leakag€g46]. The doping concentration in this laygnouldtherefae be choserased orthis
criteria For the all devices presented in this work a drain dopingacf N40'® cm® was used.
This doping concentratiomas eitheconstantn the entire Ge drain regioot a doping gradigt
was usedA dopinggradient was ehieved by adjusting the effusion cell temperatures te pre

calibrated set values during growiuring the growththe doping concentratiors reduced
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from theinitial high doping concentration of th&e VSto theNa = 140" cm® dopingat the
channel interfacelThe advantage of ihdopingstrategyis that it avoids growth interruption
which can allow incorporation of background impurities

The intrinsic channel regionis grownnext For the MBE system used in this worky a
unintentioral p-type background dopings present. This4ype doping concentratidmas been
establishedrom C-V measurementsf pin diode structure® bep; ~ 140 cm for Ge and
pi ~ 1A0Y cm® for GexSnk with x =4.2% Sn-content [118]. A background doping of
pi = 7A0' cm has beenestablished fronC-V measurements of ADs/Ge MOS capacitors
(results are given i€hapter J. For growth of GerxSrx in the channel region of the TFE&
growth temperature ofsuo = 160°C was used to avoid surfasegregationin this work the
influence of thechannel thicknesdch, on the TFET device performance was investigated.
Different channel thicknesses was used in the different experiments. The range of channel
thickness wasariedbetweera minimum oftcn = 50 nm, and a maximum agn = 200nm.

Then-dopedsource regioms the final step in thgrowth process. This region starts with a
highly n-doped Ge layer. The source doping profile is a critical parameter for TFETS, because
the channebkource interface represents the position where BTBT takes place. To achieve abrupt
source profiles with low surface segregation, this region is grown at low temperaudres (
160°C). The effect of varying the source doping concentration on the TFET is the topic of
Chapter 5 while implementation of a Spre-buildup with different prebuildup ML
concentrations is the topic &@hapter 6 These topicare discussedn more detail in thee
chaptes, respectively. The influence of the source layer thickness on the device performance is
notprimarily of any great importanck canbecomeinfluential, if agatesource overlapxiss.
In the devices presented here the entire Ge source region is ogdrtppihe gatésate induced
tunneling currents in this overlap region can affect the drive current as well as the subthreshold
swing of the TFET. This wilbe shownin Chapter 5Because of Fermi level pinning, Al and
n-doped Ge contacts show a rectifying behayid]. A heavily Shdoped Si cap layeis
thereforegrown as a final layeais part of the source regitmensure an ohmic top contact.

A MBE layer schematic of a vertical Ge TFET is showrFigure 9. Information on the

exact layer structure for each erp&ent is given ireach chapter.
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Figure 9 MBE layer schematic for vertical Ge TFETSs.

2.2 Vertical Gate-All-Around DeviceFabrication of Germanium Based

Tunneling Field Effect Transistors

After MBE growthvertical TFETs were fabricated using=AA fabricationprocess.The
process flow of the fabrication processd device schematicsat the different sages in the
processareshownin Figurel10. This device fabrication process wagially developedat IHT
Stuttgartby Daniel Hahne| but further process development was performed during the work
on this thesisThis thesi$ contribution to the device fabrication process involpassivation
methods fothe Ge/AlLOz interfaceand downscaling of the gate oxide thicknéssaddition a
photolithography maswasdevelogdfor the contact windows of the devices

A fabricated 35nmmx 35mm chip contains in total 3600 transistors with dceperimeter
ratios varying between A =0.78 pm?/3.14pm (smallest)to A/P=100 pm?/40pum
(largest) Both circular and square shapmesas are provided byetmask layout Through
using electron beam lithography aadditionalprocess steps, mesas with diametet®&nm
can be attained through this GAA fabricatiprocesq77]. For the TFETs presented tinis
thesis,however only normal photolithgraphy was used. This ¢hahe advantage of being a
more robustprocess, lesgime-consumingand producing a higher number of working
transistors A finished chipalso contains circulardiode structureswithout gate electrode
structures. These structurdkw for additional electrical characterization of the MBE layers,

without the influence of a gate field.
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a) b)
MBE layer stack

Mesa etching and cleaning

ALD gate oxide deposition
Al metal deposition and stucturing
Planarization and etchback of Al

$i0, passivation

Contact window opening

. Al contact deposition and structuring

Figure 10 Schematics of the GAA TFET fabrication scheme at different stages in the fab
processa) Starting point is the grown MBE layer stad®. After etching of the mesa) After gate
electrode formationd) Planarazation with spion-polymer. e) After etchback of AlLf) After SiO,
passivationg) Finalized transistoh) Process flow.

2.2.1 MesaStructuring in Gate-All-Around Fabrication Process ofGermanium

BasedTunneling Field Effect Transistors

The GAA process starts witlphotolithography and the drgnisotropicetching of the
transistor mesa in an inducedupledplasma reactive ion etching (IE®E) systemCl, and

HBr areused as process 5. Themesa istched down to the buried Si contact lay#ris is
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confirmedthroughendpoint detectionsurveillance A consequence alry etchingGe, and
especiallyGerxSry, is thatit induces a buried layeurface roughnegseeFigurell). A peak
to-valley difference of as much as Bdn for the buried layer surface after mesa etchivas
been measuredith a surface wfiler. Due to the gatsubstrate overlapsée Figure 10) an

increased surface roughness can increaseogate leakage and reduce device reliability.

Figure 11 SEM image of a GeSn TFET after gate formation. A distsurface roughness results fi
dry etching of Ge and GeSn.

Dry mesa etching ifollowed byresist removal an®| water dilutedhydrogen peroxide
(H202) solutionand hydrofluoric acidcleaning stepsH20. selectively etches GE.20], and
alsoGerxSnx. After these stepthe Ge andGerxSrk regions of thenesaarethereforeslightly
under etchedSeeFigure10b). Scanningelectron microscopySEM) imagespresentedn [77]
show that the under etchiig~ 30 nm. This under etchings, however beneficialfor the later
back etching of the gate Al covering the top conthansures a defined tgasource overlap
and makes the back etching less critiéamicroscopy image of a transistafter mesa etching

is shown inFigurel12a

2.2.2 Gate Formation in Gate-All-Around Fabrication Process ofGermanium

BasedTunneling Field Effect Transistors

After mesa cleaning aAl>0z gate oxideis deposited by remote plasma enhanced atomic
layer deposition in an atomic layer deposition (ALD) systémsubstrate tengrature of
Tsub=250°C was usedTri-methylaluminum (TMA) and Q radicals were used as precursors.
Argon (Ar) was used as purging ga&.D is a cyclic process relying on sééfrminating surface

reactions. One ALD cycleonsist othe following sequerai stepgl-1V): (I) A selfterminating
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reaction of TMA with the sample surfadq®l) Purging of the chamber removing noacted
reactants and the gaseousprgducts.(lll) A self-terminating reaction of the £plasma with
the sample surfac@lV) Purging and evacuation to bring chamber back to initial conditéons.
detailed description ofreALD processes and the surface chemising physicsnvolved is
beyond the scope of this work, and the reader is referjf@@i¢for moreinformation

High-a/Ge interfaces generally have a higia rhichcan degradénhe carrier mobilityand
induce leakage current§o improve the interface, an ultrathin Gd&yer between the Ge and
the AbOs was produced with a£plasma post dgation stepwith duration t=5 min Before
the plasma post oxidation was performedhin Al>Os caplayerwith thickness ek~ 1.5 nm
was depositedrhis cap layer protects the surface from plasma damages, but is thin enough to
allow Op-diffusion through it.lt has been shown that the formation of a GE@er through
similar postoxidation methods can reduce the By one order of magnitudgl22]. The
electrical characterizatiof Ge/AbOs MOS capacitas using this posplasma oxidation
method ighe topic ofChapter 7

Except forthe TFETs presented i@hapter 6 no forming gas annealing (FGA) was
performed FGA is effective in passivating bulk oxide trapand can reducexide charge
trapping and flatband voltage shdtie to oxidechargeg123]. Hydrogen passivation dbi
dangling bads is very effective in reducing the interface state dewn$i§i surfaceq124].
However, FGAand passivation oe dangling bondsiith hydrogen ha®een found to be
ineffective[125]. For device containingGerxSrk, the temperature sensitivity of the material
was also a concern, aadeasorwhy FGA was not performed itheseexperiments

The permittivity() of the ALD Al.Os has been established through/ measurementsf
planarMOS capacitanceso lie in the rangel) ~ 6-7. For good electrostatic controf the
TFETs, which is especially important for achievingsteep turn on characteristicsan
aggressively scaled oxideith low equivalent oxide thicknes€EQT) is preferable(see
Appendix for definition). Thin Al>.O3 thicknesscan easily beaccomplisled with the ALD
systemdiscussed heredue to the ML accuracy of the ALD techniqudowever, when
examiningFigure10c, we see that th€FET structure has large overlap area between the gate
and the buried Si substrate layer. Tonrlap regiorrepresents parasiticleakage path. The
reliability of the TFETsis greatly reduced by the downscalwfghe oxide thicknesslue to the
increase in gate leakage currents and probability of oxide breakdbwigate oxide leakage
is also higherwhen one has esough substrate surfacA tradeoff therefore existbetween

achieving darge number of working devicemdgood measurement statistiwgth thick gate
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oxide,andimproveddevice performanceith thin oxidesln this workgate oxidehicknesss,
dox, in the rang® nm < dox < 12 Nnm was used

Directly aftergate oxide depositionhé Al gate metals deposited by means sputtering.
A coarsegate electrode structure defined through photolithography and etched witlstme
ICP-RIE systermused for mesa etching\ transistor at this stage in the fabricatjmmocess is
shownin Figurel2b. As seen in tis figure, the topof themesa is, at this stage in the fabrication
processstill covered withgate oxide and AlTo complete structuring dhe gate electrodéhe
Al covering the top surface of the mesa has to be removed. This is déin& pjanarzing the
chipwith aspinon polymer (70F, Filmtronics Inc.Yhis is done byirst spin coating the ligd
polymeronto the chipand followingby hot platebakingata temperatre Toake= 200°C. The
polymer layer ietched back witla RIE systenusingO» as process gas. Wh#re Al covering
the top of the mesa iexposegthe etching is stoppetdhe remaining polymer now serves as a
maskcovering most of the gate and the substriite uncovered Als etched back using@P-
RIE. To remove Al residues wet etching(phosphoric acicetching solution) stepis also
performedAs the Ge and G&Sry regions of the mesa are un@gched, the soce overlap of
the surrounding gate is defined by the position of the Ge/Si cap heterojunctramsistorat
this stage in the process can be seghermmicroscopy image iRigurel2c. Due to the GAA
geometryand the surrounding gatthe gate width wand themesaarea A of the devices are

related througlapower law relationship, wf 12,

2.2.3 Isolation and Contacting in Gate-All-Around Fabrication Process of

Germanium BasedTunneling Field Effect Transistors

The process procesdith thedepositon of SiO» asisolationoxide This is performed using
a plasma enhanced chemical vapor deposition systgmljquid tetraethoxysilane as a source
of Si. Thethickness othisoxideis dox ~ 300nm, which ensures a good insulating laggntact
windows are then structured with pladithography andopered using RIE with fluroform
(CHRs) as a process gashe CHFs etching of Al203 has a low etch ratélhe gate oxide
covering the top and buried contacts theretemees as a etch stop.€lgateoxideis removed
by abuffered hydrofluoric acid (BHF) etching stepth duration t = 30 60s, before mask
removal éeeFigurel12d). As Si oxidizes under ambient conditions, an additiehalirt BHF
dip (t <5 s)is performedafter mask removadnd cleaningand right beforéAl sputtering for
contact metallizationContact structuring, and ICRIE etching finishes the GAA fabrication

process. A finished transistor is seeffrigurel2e.
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Figure 12 Top view microscopy images of a vertical Ge TFET with 10x16 pi@sa area at differe
stages in the GAA fabrication procea¥ After mesa etching. A somewhat rough buried layer st
can be seen as a result of Hching of Ge.b) After photolithography structuring of gate electrc
c) After planarization and removal of Al from top contact. Al residues can be seen on the mese
d) After contact window opening. The Al gate metal can be seen to be slightédedoe to the BH
dip. e) A transistor after fabrication is finished. The three contact terminals are indicated.

2.3 Data Acquisition and Processing

I-V measuremenisresented in this work weabtained with a Keithley 4200 Semiconductor
Characterization Systerwo sourcemeasuring units and a ground unéreusedfor thethree
terminals of the measured devicd$e source (top) contact was keptgabund potential.
Temperatureneasurements we performeddy cooling down the measurement chwakh a
compressor from Trid ech usinga perfluoro compound (fc77) as a cooling liquid. With this
system measurement temperaturesthe range fronroom temperatur¢RT) to T =240 K
could be investigatedThe temperature was measured with a thermocouple attached to the
sample.

Both Ips versusV g, transfer characteristicandlps versusVps, output characteristicsvere
obtained Initial measurementrocedures involvetheasuringd for randonty selecteddevices
to establish the leakage current throughghgeoxide (seeexample inFigure 13a). The gate

oxide leakage igdue to the vertical GAA TFES$tructureused in this workdeterminedy the
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gateto-substrate leakagaurrent. It isthereforeindependent ofnesaareaand comparabléor
all sizedtransistorsThe low I currents demand long integration tirii® be able to efficiently
measure a largget of transistorand reduce oxide charge trapping effeleisvasnot measured
for each singldéransistor From the initial &§ measuremestthe onset othe FowlerNordheim
tunneling (FNT) [126] regime can be establishediNT currens are knownfor increasing
exponentially with voltage bias. If a transistor is driven th®FNT regimethe oxideis more
likely to be damagedndthereliability of the devices reducedThegate voltagesweep range
wasthereforedeterminedy the onset of FNT.

To efficiently handle large data sefd ATLAB software[127] was used for the data
processing A script was developedor parameter extractiornd to perform arithmetic
operationsA Savitzky-Golay filtering[128] was implemented in the script and used to smooth
the characteristics. Especially for low currents (< 10 pA) sigoisle could be pronounced. An
example of a filtered curve is givenkigurel3b. The degree of smoothing was, however, kept
at a minimum in order not to manipulate the measured characteristics.

Important for the discussion and comparison of different transistors presented in this work,
is obtainingvalues forlon, lorrand SS lon Was extractedafter choosing a fixedn-gatebias

For thisgatebiasthe drain currentshould behigh, and vay little with a change in gate bias.
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Figurel3a) The gate oxide leakage is due gatsubstrate leakage. As the buried substrate layer
as drain contact the turve minimum corresponds to the applied disoarce bias. Transistor sha
is from sample A in Chapter B) SavitzkyGoly filtering was sometimes used to smoothen the acc
data, as low current regions exhibited noisy signal.
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Ideally, a transistor shoulthveonly one supply voltage in addition to the ground potential. We
then should have ¥=Vps in the onstate. Howeveras a result othe inability to scale the
oxide thickness of the devices, due to device reliability issisgsissed earliefarger gate
biases were needed to drive the transistdrsthre onstate. e on-gate biaswvas therefore
choserbased on thiitial gate oxide leakage measurement and-tki€-onset voltageDue to
difference inoxide thicknessthe on-gate bias can be seen to vary betw#endifferent
experiments

The keakage currentorr, is defined as the drain current ag ¥ 0 V. Due to ambipolarity
and flatband shifts however, this is not necessarily equal to the minimum drain current
exhibited in the transfer characteristicor devices with pronounced skifthe minimum
leakagecurrent with floating gate bias$min, will also be referredo when discussing the leakage
current

TheSSof aTFET is not linear with respect to the gate voltage like the MOSERTerent
methods have been proposed to define the SS for TFBJ.S'hemostcommonway, and the
one used in largest part tis work is to give the tangential inverse slope of the ag{Vc
characteristics at the steepest point. This is easily obtained through simple derivation.

Final plotting ofgraphs was performed using ORIGIN softwir29].
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Chapter 3 Germanium-Tin P-Channel
Tunneling Field Effect Transistors: the
Effect of Tin-Content in Germanium-

Tin Channel

3.1 Introduction

The ITRSrequirements folon [59] has proven to be a major challenge for grdT FETS.
High lon is importantto achieve high switching speeds in terms of RC tikier the
demonstration of the first Si TFHB7] anumber of meerial and geometry modifications have
been proposetb boost bn in grouplV TFETs The lowerbandgapmaterial Ge has been
implementedo raise bn in Sii.yGe, alloys [130] or bulk G¢66] TFETSs, and device geometry
modificatiors have beemmplentedto align the tunneling with the gate field in [Si] and Si-
yGg [84] TFETSs. Those devices have been shown to achieve higihiiiah allSi TFETS, but
still fail to achiee the ITRS requiremenAs a measure to further boost,| Ga.xSn [87, 77]
has recently been introduced in parts of the channel re§iGe TFETsIn addition to being a
Si-compatible alloy,GexSrk has an een smallerbandgapthan Ge Relaxed GexSrk has
experimentallybeen shown tbecome a dirediandgapmaterial for x~ 9 %, exhibitingdirect
bandgadasing[113]. Direct unneling without theneed of phonon assistanoeuld further
increase the tunneling probability, and henge Epitaxial growth of high quality GeSn:
however poses many chall enges. Due +{Soand he | a
Ge and the low solid solubility of 1 % of Sn in Ge, experimlestt@rt is currently directed
towards theepitaxial growth of GexSn [108, 109, 11Q] Epitaxial growth ofGeixSrk is
however practiced by only a handful of scientific groufise experimental workon Gey.xSrx
devices ardhereforestill limited, and more studies are called.fovhile a smallbandgap
material raisesoh, lorrand SS areevitably also affectedDevice brrand SSarein particular
influenced bycrystalline quality anthterface defectdueto TAT and SRH currentil31, 132]

In this chapterthe fabrication and electrical characterizationGd xSk p-channel TFEs
are presented.he aim ofthe work is toassesshe potential ofGe1.xSn asa channelmaterial

in vertical pchannelTFETs with respect todn and brr. Through a sample seriesmprising
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three sampletheeffect of increasing Snontent K = 0 %, 2% and 4%) in aGexSn channel
of aGeTFETsIs investigatedThe effectof the Sacontenton the electrical characteristics of
the transist@ is reported. The device area and temperatiggendencen the electrical

characterization ahe TFETs arealso studied.

3.2 Layer Growth and DeviceFabrication

The semiconductor layer structw@s grown by MBEAII three samples were grown on p
doped (1€2 O

of the three samples is foundTiable3. More generainformationof MBE growthof Gel.xSn

q L <bP>w&ers anccontaina100 nm Ge VS. fie MBE layer sequence

and Ge on Swas given irsection2.1and will not be repeated hefiéhe samples vary by having
different Sncontentx in theintrinsic channelegion with x = 0 %, x =2 % andx =4 %,
respectively.The critical thickness fohe GerxSrk layer with the Srcontent examined here
has been reportgd 12] to be less than theéevicechannel thicknessichanne= 200 nm It is
therefore expecthat theGe..xSn« channels are pseudompbically biaxidly strained on the
underlying GeThe drain region was grown withBadoping gradient dropping from initially
Na = 1A0%° ¢ until saturating aa final dopingconcentratiomf Na = 1A0"8cn at the drain
channel interfaceAn asymmetric doping profiléNp > Na) is necessario suppress ambipolar
leakageof the TFET [60]. The growth ofGe andGerxSrx in the channel and StopedGein
the source as performed at low temperatyeuw = 160 °Q to suppressurfacesegregation

A heavily Sbdoped Si cap layer was grown as a final layer to ensure an ohmic top contact.

Table 3 MBE layer sequence for the G&np-channelTFETSs.

Layer Material Sample A| Sample B | Sample C Doping Growth
Thickness| Thickness | Thickness Temperature
(nm) (nm) (nm) (cm'?) (°C)
Source Si 100 Np=11%10%° 330
Source Ge 200 Np=11%10%° 160
Channel Ge 200 - - 160
Channel | Ge&gsS.o2 - 200 - 160
Channel | Gey.gssSh.oa - - 200 160
Na=1t10" 330
Drain Ge 200 ¥
Na=1110%°
Drain Ge (VS) 100 Na=1110%° 330
Drain Si 400 Na=1t10%° 650
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Figure 14a showsthe secondary ion mass spectrometry (SIMS) measurement of the matrix
elemens Si, Ge andSnfrom sample CThe measured intensigorrespondgso the isotopes
indicated in the legend hesewerenot pre-calibrated and carthereforenot be usedo asgss
the Sncontent of th&Ge . xSr layer. The measured layer thicknesses is in good agreement with
thetarget values given ihable3. Due to the high temperature annealing step performedgdurin
the Ge VS formation, Si/Ge intermixing can be segthe Si/Geinterfaceatan etching depth
detch ~ 800nm. Figure 14b shows the doping concentm@tiof the sample from the same SIMS
measurement. Except for the B doping in the Si buried layer@i 10?° cm®), the doping
concentrations are in good agreement with the target valines Si buried layer doping
concentrationhowever has little influence on the device characteristicsjtamly serves as a
contactlayer. A high Sb doping concentratiois measured in th&eixSr, layer. As the Sb
effusion cell was closed during the growth of this region, it caenatain intentionalSb
dopants. Thisneasurement signal must hence be d&t8b mass interferenckn the figure
peakscanalsobe seen in the measuremsiginalattransition regions. Thesee believed to be
measuring artefacgtsvhich aredue to intermixing effectsvith varying ion- and sputtering
outputs atnterfaceq133].

10° E_a) ~ Growth direction } [ b) B in Si
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Figurel4a) SIMS profile of the grown matrix elements Si, Ge and Sn for sample C. b) Doping
obtained through the SIMS nmaement from sample C. Sb signal in the GeSn layer is due t
interference between Sb and Sn. The isotopes used for the different elements are indicated in-
SIMS measurements were conducted by Florian Barwolf at Innovation of High Perfa
Microelectronics (IHP) Frankfurt (Oder).

58



After MBE growth the vertical TFETs were fabricatedngsthe GAA procesgdescribed in
section2.2 A O>-plasma post oxidation stepth durationt =5 minwas performednd a total
of 70 ALD cycles wereonductedA physical oxide thickness dbx ~ 11.5nm of the particular
Al203/GeQ gae oxide wasneasured by ellipsometergased om Si MOS capacitoreference
sampleacorrespondindeOT of ~ 7nm of the gate oxidds expectedThe relatively thickyate

oxide waschosen to prevent leakage current between the gate and the substrate.

3.3 Results and Discussion

Transfer and output characteristics of the three samples are shéigutial5a and15b,
respectively. A 650 mV/dec slope is drawn in the transferacheristics to indida the
steepness of the devicé&he TFETsI-V characteristics can be considered composetief
leakage currentokr, andthe gate controlled BTBIcurrent bn. Theturn-on steepness can be

guantified by the subthreshold swing, SSe®ffect of Srcontentin the Ger.xSrn« channel on
these three parameters withw be consider in turn
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Figure 15 a) Transfer and) outputcharacteristics of GeSrx channel TFETs with x 0%, 2% anc
4 %. Increase indy as well asdrr can be seen to result from increasingc®ntent in the channel.
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3.3.1 Influence of Tin-Contentin Channelon LeakageCurrent in Germanium-

Tin Tunneling Field Effect Transistors

Theinfluence of Srcontent in the GaSr« channel on théeakage currens examinedy

assuminghatthe drain currentps, for gate voltagé/c = 0V can be expresse$[47]:
IpsVpsVe= 0=X Vps@ tp VpsP +8 (23

Here A is thedevicearea, P is thdeviceperimeter Ja is the area current densiyd & is the
perimeter current densityc is the leakage curretiirough the gate oxiddhe relative thick
gate oxideof the devicesresuledin avery low I current(lc << 1 pA for Ve =0). For the
following discussionig is therefore set equal to zero, asmegligible compared with the other
componentsFor the here reported vertical TFETs the perimeter equals the gatewgdth
P = we. Whendefining the leakage curreaslorr = Ips (Ve = 0)/wg, we can see fror23) that
lorr becomes a linedunction ofthe area to perimeter rathdwg when theVps biasis fixed

In Figure16a, lorrfor Vps=- 1.0V is plotted as a function of Alyafterconsideringa large
set of transistors with ratios varying betwéewg = 0.25 andA/wg = 2.5 pm The straight line
fit validatesthe assumptioof (23), and 4 and & can be extracted from the slope and intercept,
respectively. Following this approach, straight line fitseyeerformed for allds (Vps)-values
obtained through the output characteristitthe samplesThe resulting mapping oi&nd $,

as a function of ¥sis shown irFigure16b andFigurel6c, respectively.
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Figure 16 a) lorr for the Ge reference plotted as a function of &far Vps=-1.0 V. & and & can b
determined from the slope and intersect of the fitted line, respecthyelyhe areacurrent densit
componentla of lorr ) the perimetercurrent densitgomponent Jof lorr. INcreasing the Soonten
in the channel leads to a strong successive incredagwlfiereas only a slight constant increases(
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Ja addresses the epitaxial quality of the MBE growsddistructure. itan be seen iRigure
16b thatincreasing the Snontent in th&Se xSk channel leads to a strong successive increase
in Jaas well as anore pronouncel ps dependenceAn increase inalis expected foGe.xSnx
compared to Ge, due to the lowering of bla@dgapA bandgap loweringxponentially affects
the intrinsic carrieconcentrationand hence the diffusion currdBtl]. The magnitude of the
increase and the strong¥dependencef these sample, however, indicates thét is not a
result ofbandgadowering alone. Point defects associated with the growthepiSn on Ge
at low temperaturfl08] degrade the epitaxial quality. With a higap densityboth SRH
generationand TAT currentsvill increase As already introduce¢see(18) in sectionl.4.5.3,

SRH generation currectin beexpressedy:
Jg 4 qUs g PNp, (24)

where WrH is the SRH generation ratehich depend on the intrinsic carrier concentration
and the generation lifetim&rom (24) it is clearthat Je is a linear function of the depletion

width, Wp. In models includinglfAT contribution Usrnin (24) is replacedy Utrap:

Ut r 76 10 Bsrp (29

which includes an electric fieldnhancement factdr(see alsq21) and(22) in sectionl.4.5.3.
Although orighally developed for Si devicesxgerimental resultsfoGe pn-junctiors have
shownto bewell described by thisnodel[134]. Now, a fair approximation of W/for a pin
diode with tregion thicknesslhanneg Can be found by solving theoissonequation using the

depletion approximatiof81]:

2@A_ Np+Np
Wp= dcha r%‘hFd—A N A AVp1iVps. (20)

Here thepermittivity (1and the built in potential dependn the material ppertiesIn Figure

17, Ja is shownas a function of W, which wascalculatedusing(26). Due to the modesSn
concentration, Ge parametewere usedto calculate W for all samples. Although this
approximatiorwill containsome errgra qualitative comparison can in either way be based on
the X-&Vps relationship.For the Ge reference sample linear Ja-Wp relationship is seen,
consistentvith (24). Based on thisSRH isassumed to bihe leakage mechanism determining

Ja for the Gereferencesample.The samples withGerxSrx in the channel howevexhibit a
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superlinearda-Wp relationship This shows howTAT influences the device characteristics

when crystal quality is degradezhdthefield enhancement factam (25) becomessignificant
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Figure 17 Jx as a function of W. The Ge reference shows a lineafWp relationship, while th

GewxSrk samplewith x = 0 % and x = %, show asupetlinearbehavior due to the modification of
SRH generation rate by the electric figldhancement factor.

The most straight forwardtrategy to reduce the. gomponent of drr is through device
dimension scalingf the body thicknesdg-or a vertical structure as presented here, the body
thickness is independent of the epitaxial layer thickrigsgapolating 4 yields that a device
mesa diametdD for the Ge reference sample®@# 17 nm for \bs =-0.5 Vand D~ 10 nmfor
Vps=-1.0 V, respectively, is necessdoyreach the ITRS low power requirements for leakage
current litrs = 10 pA/pum. These dimensions are in the same scale as the ITRS recommended
multi-gate MOSFET body thicknefs9], and also predicted required body thickness for
achieving sulb0 mV/dec SS in TFETs using G&35]. For the samples containing GeSn the
prospectsare worse with a required B<2 nm for \bs=-0.5 V. From these estimates it
becomes clear that the the amount of GeSntha channel hato be reducedo achieve
manageableckr for even modest Soontens. The desired effect of implementing a low
bandgap materiais to increag the BTBT in the onstate This mainly takes placeat the
channelsource interfacelf the GeSnregion of the channe$ confined within a thin layerit
can be positiored at this interfacfor more optimal useThis aspect isalso considered in

Chapter 41t is also reason to believe that the crystallquality of GeSnwill improve as
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progress irepitaxial growthtechniques is madé&pitaxial growth of GeSis still in an early
stage andhasby farnot reached the same levelro&turity as for example SiGe other 11V
compound semiconductors

Jr is another concern, as it represents the minimgtmachievable by device dimension
scaling. InFigure18 lorr, together with fis of (23), are displayed as a function of device area.
As thedevice area is reducedgFwill saturate towardsrJForthe TFETs with a GeSechanne|
lorris mainly dominated byaJor device area range investigat&te fit of (23) therefore
results in a linear behavior in the Haag plot for the TFETs with x 2 % and x= 4 %. For the
GeTFET on the other handp#ris alreadyclose tale for the smallest size of the transistbhe
samewill be the case aldor the GeSrchanneldeviceswith continuedscaling For the GeSn
TFETs a reduction adlmost thre@rders of magnitude irpds necessary tmeetthe10 pA/um
ITRS low powerrequirement fordrr. It is hence necessary to reduce theaDthe GexSr-
oxide interface, which causes SRH and TAT surface leakage cuiretits.figure we can see
that & is increased by the incorporation of GeSn with a factor 08~This increae is believed
to be due to increased interface state density for the &efice. The increase could also result
from the bandgap reduction. However nasincrease ide-currentsbetween the % and 4%-
Sn content samples can be sdbaaddition ofinterface statewhen moving from a Gdo a

GeSnsystem seems molikely. The reported Pfor GeSroxide interfaces i2A0' - 6A0H
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Figure 18 lorras a function of device area. Dashed lines show the (&3)fto the experimental dat
The correspondinfit values of d ard Jare indicated. When scaling down the device size, the ¢
becomes limited bygeJ Scaling ismostly effective to improve device performance whefelis
dominated by Al
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cmi2eV90, 136, 137]To reduce SRH and TAT at the @xide interfacea better passivation
of the Ge and GeSroxide interfacas necessaryCurrent experimental work d&passivation
of the Ge and GeSsurfaces is under investigation by our group and is, like reported also
elsewherf@0, 91] showing promising resultsExperimental resudt of S-passivated
Ge/AlOs/Al MOS capacitorsaarepresented iltChapter 8

It is not expect that as much as a three order of magnitude reductiaqrismé&cessary to
achievethe requiredr current The devices presented here have a very largedgaite overlap.
GIDL [57] together withgate inducetunneling at the draichannel interface are therefore also
contributing to the highrturrents An increase ofds for positive \, ambipolar leakagecan
clearlybe seen in the transfer characteristidsigure15a. A reduction of gate induced leakage
currents could be solved technologically by introducing a sda88i, separatinghe buried
layer and the gate electrode after mesa etching. This vedfgctively reduce the gatdrain
overlapand provide a better aligned gate electroflespacer wouldalso enable the use of
thinner gate oxides, as the leakage path between theaabstrd gate iblocked This is
important for achieving lo#SesThe thickness of the spacer must however be very précise
must align with the channel region, and deposited in a way that there is no sidewall coverage
reducing the electrostatic contmfl the gateHow this spacer technology can be achieved has
yet to be solved and mentioned here as a suggestion for furteeearch

The transport mechanism determiningerl was investigated further byarying the
measuremertemperaturd = RTto T = 240 K In Figure19athe temperaturdependencef
the transfer characteristics foG&.xSn channelTFET with x = 2 % Sn is shown. As expected
Ios for high negative ¥ bias shows a weak temperatdependencgeconsistent with a BTBT
process.A strongertemperaturedependencecan be seerfor the leakage floor and the
subthreshold regiorkigure19 show the Arrhenius plots ofd-where the activation energies
corresponding to the fitted lines are indicatedFigure 19c extracted activation energies are
plotted as a function of & The activation energy fob#r of the Ge reference,a&= 0.30eV,
and the maximurenergyfound at \& =-0.5V, Ea =0.35 is close to half thdandgapf Ge
(Emia ~0.330.34eV in the temperature range investigai@89]). This combined with the
discussedrldependencef this sample indicates th#te SRH leakage mechanism involving
mid gap trapsocated at the surface arermdinatingthe leakage curresitof the device The
sample with GeSn in the channel show a weaker tempependencéor lorr, with Ea =
0.18eV for x = 2% andEa =0.19eV forx = 4 %, respectively. Asorr wasroughlyequalto Ja
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Figure 19a) Transfer characteristics of a §365n.0-channel TFET measured at different temperat
b) Arrhenius plot of derfor all three samples. Activation energies are indicatpéctivation energie
as a function of ¥. d) lon/lorrratio as a function of temperature

for these sampleghese activation energan be expected telate to the bulk properties of
GewxSn. The activation energies are lower than half ofdakeulatecbandgap of Ger.xSnx for

X =2 % andx = 4 % reportedin [140]. However from thenortlinear ;A-Wp relationship seen
in Figure 17, a TAT contribution has already been established for these devites.

temperature dependence of tieédd enhancement factérmust therefore be accounted.foue
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to the second term of thetegrand in(22) (see sectiod.4.5.3, {, and hencéhe measuretbrr

for the two sample$ave lower activation @ergesthan the midgap valse

3.3.2 Influence of Tin-Content in Channel onSubthreshold Swing of

Germanium-Tin Tunneling Field Effect Transistors

The SS, which here is definetithe steepest point in the transfer characteristvdkin the
following section be analyzedrhe devices alexhibit high SSes SS~ 5501000 mV/de¢
compared to the 60 mV/dec MOSFET liniithey areconsideable higher than the lowest SS
obtained in TFETs so fa23]. This can in part be explainelly the thick gate oxide,
EOT ~ 7 nm, necessary to eliminate in (23). A thick oxidereducegshe MOS capacitance and
weakens the electrostafield control of the gateAs reference e current ITRS requirement
is EOT~ 0.7 nm[59]. A high lorralso limits the visibility ofa steeper S&t low gate voltages
An example of thigan be seen iRigure20a, which shows the SS as a function of device area.
Forthe Ge.xSn 1 TFETswith x =2 % and x= 4 %, SSis reducedvhen the device mesa area
is reducedThis is becauskyrris dominated byJa, for these deviceghe SS of the GEFET
islargelyunaffectedy an area reductioas brris dominateddy k. Interesting is that,ldnough
exhibitingarelatively highlorr, the smallest sizeGerxSn« TFETswith x =2 % and x=4 %
demonstrateoughly the sam&Sesas theGe- TFET. Subtracting theaJcomponent ofderfrom
Ips, the degradatioof the SS due to bulk trapan be removed echnologically, this represents
further device dimension downscaling. When performing this subtractioGa8aTFETs are
seen to hold steeper SS at RT than the Ge AET:
SSub (X =0%, Vps=-1V) =624+ 43mV/dec,

SSup (X =2 %, Vps=-1V) =505+ 20mV/dec and SSsu (4 % Sn, Vps=-1V) =494+ 25
mV/dec These result also indicate that the SS decreases with increasoant8nt. This
improvement of SS can be explained by that the tunneling probability is increased with
increasing Sttontent.The SSbecomes less dependent on the tunneling probabilitgn vite
tunneling probability isncreased53]. There are two reasof why the tunneling probability
isincreased whethe Snacontent is increase®ne is the bandgap reduction, which effectively
reduesboth barrier heighand width. The other ihe contribution oflirecttunneling, which
is increased when the direct conduction band edge is lowered compared to the indirect
conduction band edg@&he decrease of S&ith increasing Sttontent has also beshown in
thesimulaton studies of Yang et $87].

In Figure19c a thermal subthreshold region curreatild be seenwith a slow exponential
decrease of activation energy for increasing negati€eltie origin of this current isssumed
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to beTAT involving phonon scattering processékese types of processes naturally degrades

the SS as thegre temperaturedependen The temperature dependenceduces the energy

filtering mechanismi.e. crossing and uncrossing of the energy hamdgh is a preconditin

for achievingsteepSSesn TFETs. The combination of reducings#and quenching the phonon
scattering processes through reducing the temperature, leads to a considerable improvement of
SS. This can be se@m Figure20b, which shows SS as a function of temperature. An almost
linear relationshivith a steep 3nV/decK™ slopebetween SS and temperature can be seen in

the temperature range invigstted This makes itevidenthow strongly TAT and SRHaffects

the steepness of the devicdske for lorr, the SSesfor the TFETs with x2% and

X =4 % haveaweakertemperature dependeniten the SS of th€e TFET
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Figure 20 a) SS as a function of device ardar the GeSithannel TFETs the SS is reduced !
reducing device aredn) SS as a function of temperature.linear relationship can be seen in
temperature range investigated.

Another way of reviewing theteepness of the devices is by lookingha&t tonductance
S=Ips/Vps in the onstate The conductance is a measure of the tunnginadpability joint
density of statesand is not limited by gate oxideficiencieg52] in the same way as the SS
Theturn-on conductance of devicegith gate width w = 40 um is shownin Figure2l1a All
devices shovin generalkteeper conductance slggbanSSes but stillfail in coming close to
60 mV/decsteepnesds for the SSthe influence of TAT can be seen by #teng tempeture

dependence of the conductance slope shoviigre 21b for sample B Through examining
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the steepness of the devices throbgth the SS and the conductance sjapkecomes clear
thatachieving suk60 mV/decsteepness materials with nonidedés and high defect densities
is very difficult This concernis also supported by simulatiofis41] and has beerbrought
forward by other$61, 78]

3.3.3 Influence of Tin-Content in Channel onDrive Current of Germanium-Tin

Tunneling Field Effect Transistors
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Figure 21a) Conductance for the samples series fidrETswith the larges device areas. The de\
show in general smaller conductance slopesO@mV/dec) thanSSesb) Conductance slope ploti
as a function of temperature for a transistor with2 % Sncontent in the channel.

Theinfluence of Srcontent in the GaSn« channel on théon of the deviceswill now be
consideredThe main contribution ofoh at high Vg biases isexpected to b&TBT at the
sourcechanneljunction (often referred to gmint tunneling. For devices with a souregate
overlap BTBT in the inversion layer within the saxe layer (often referred to Ase tunneling
[142], could also contribute tal. Although the devices presented here have a large source
gate overlapwe expect a negligibline tunnelingcomponentThis is becauséehigh source
dopingconcentratiorof the deviceseads to that thband structure in the material of the source
regionoverlapped byhe gate idargely unaffected when\ac-biasis applied[77]. As already
stated in sectiori.4.3the BTBT transmission probabilityauld be estimated byusingthe

WentzelKramersBrillouin approximation:
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where m* is the effectivenass, g the bandgap energy aedhe spatial extent of the tunneling

region.
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bet we

mentionedn the introductiorof this chapterthe promise of using GeSn in TFETs is first and

foremost through raising#. This is achieved through the loweringeaf with respect to Ge in

7).

lon, defined here aé (Ve =-4 V)/wg, is plotted inFigure22 as a function of device area

A for Vps=-1V. An influence of the top contact series resistance can be seen fof/ten

GeSn TFET, with a small successive decrease dn flor devices wih areasA < 10 pnv.

Considering the largest size devices, where the influence of series resistancédsilessen
to increase by a factor ~f@r x = 2 %and a factor 3 forx = 4 % with respect to the Ge TFET

respectively. TATmodels for TFETshave shown how traps degradgrdand S$L35, 141]

The same modellowever show no influence of tras the drain currerdt higrerVs-biases
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Figure 221on as a function of device mesa area. Due to the lowering of the bargdagréases whe
the Snacontentx in the Ge,Sn-channel is increase@he top contact series resistance is respor
for the successive decreasednfbr smaller area devices, seen for the{&e TFET with x = 4 %.
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The different trap densities thereforeassumed tplay a minor rolen determininglon for the
investigated devices.

The effective mass a material parameter, amill also affectén when the channel material
compositions alteedthrough increasing the Stontent. FoGerxSrk alloys, effective masses
have been calculatdd43], but show little variance within the Sontent range investigated
here We therefore assume that the increasennsimainlydue to the lowering of theandgap

In Figure23athe averagedoh from all measured transistors is plotted as a function ef Sn
contentx in the GexSrk channelfor different \bs-biases. The ITRS low power drive current
requirement is indiated (red ling lon,trs = 456 pA/um. It can beseen that evefor a Sn
content ofx =4 %, lon is one order of magnitude below the requirement. The trend suggests
that an increase of Stontentabovex > 4 % would further increaseo. However, this would
seriously increasentrwhich is already at an alarming level. The averaged conductance of all
measured transistors as a function e§ M shownFigure23b. For all sampledie conductance
can be seen acreasevith increasing negativedbeforereachng saturaionat atVe ~-1.0V.

This explains the increase iBN from Vps =-0.5V to -1V seen inFigure23a.
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Figure 23 a) lon as a function of Swontent in the GeSn channel for differenis\biases.b) The
averaged conductance of all measured transistors as a functigg of V
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The TFET works as an energy filter, imnly
(27) to pass. As the valence band edge in the channel canreasbdabove the valence band
edge in the drain, this filtering is a function opd/as well as . This sets a limit to the
maximumlonfor low Vps. At higherVps, lon is limited by the saturating behavior of the BTBT
probability. This is als@eenin Figure 23a which showsonly a small increase inok from
Vps=-1V to Vps=-2V. Although not as effective asis for MOSFETsachannel reduction
couldalsobea means to increasenl This is because a channel thickness reduction reduces the
channel resistancf85]. If this reduction is too excessivbowever, short channel effects
become a concelfi44].

A high interface state density also degradeg and a better surface passivation might
improve bn. To which extent theok of the here presented devices are degraded by interface

states is, however, difficult to assess basebdVWitharacteristics alone.

3.4 Conclusion

GeSn could potentially be a means to realize GIMUPFETs with high bndueto itssmall
bandgapHowever to optimize overall device performance, itimgportant to understand how
GeSn influences not onlyi but also brrandSS With increasing th&n-contentin a GexSrx
channefrom x = 0 % to x = 4 %, lonis effectively increasedl helowering of the bandgap and
the degradation of the epitaxial quality that comes with increasingoent heavily
influences thedrrand SS of the deviceBue to increased TAT currents strong degradation

of lorr was foundwith increasing Sitonent It is found that achieving the requireskt and

SS<60mV/dec with GeSn is stringent. Based on our analysis we expect that this can in part

be achieved by reducing the mesa volume and reducinGétsmlayer thicknessFinding
alternative and optimized MBE growthethods of GeSrtp improve crystal qualityseems

also to be a musif high performance GeSdevices are to be realized
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Chapter 4 Germanium-Tin P-Channel
Tunneling Field Effect Transistors.
Positional Dependence ofsermanium-
Tin-Delta-Layer at Source-Channel

| nterface

4.1 Introduction

The GeSnchannel TIETs presenteth Chapter 3together with similar studies conducted
by otherq87], have showrthatGeSncan be implemented abannelmaterial INnTFETsas a
measure to enhance tle-statecurrents,lon. Due to the lowering of the GeSn bandgap,
tunneling probabilityeffectively increases ith increasing Sttontent In the previous chapter
it was showrthatincorporating a 46 SncontentGeSnchannelin aGe TFET increasd lon
by a factor 3compared ta Ge TFET. However it was also Bown thatthe incorporation of
GeSncomes atinexpenseBecausef crystallinedefectsassociated witthe growth of GeSn
these devicesuffer from increased leakage currenksr. Compared to other electrign
devicesthe TFETneedsa very highdegree of perfection and accuraayh respect to mateiia
guality and fabricatiof¥8]. Using GeSn as a performance boqgstBerefore puts serious
requirements on the TFET design axgcution To combine the advantages of sntahdgap
materials (higherdn) with those of largbandgapmaterials (lowerdrr), heterostructures with
smallbandgapmaterials positioned at the sowd®annel junction and largendgapmaterials
at the chanekdrain junction are often preferabl®o incorporateGeSnto boost bn, but
maintain manageabledr, a device improvement strategto reducehe thickness aheGeSn
layerand positionit at the sourcehannel interface

In the experiment presented in tiisaptera 10 nmGer«Sry U-layerwith x =4 % Sncontent
is implemented in 5@m channel Ge TFETS he position of the Gey 96Smv.osU-layer with
respect to thehannelsource interfaces varied through raexperimental sergecomprising
three sampleA, Band C) T h e p o s iayeri® ghifted fromtcdmeletaly insidbe
channeko completely insid¢he source
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It is found thatdn benefit from having th&ey.e6Sr.o4-U-layer completely or partly inside
the channelln this configuration,the spatial extent of the tunneling barriex reduced
Furthermore, itsfound thatwith thechannel thicknessf 50 nm, lorris strongly influenced by
drain inducedbarrier thinning (DIB). This effectis alsoamplified when theGep 96Srv.o4U-

layeris insidethe channelas defectin this layer inducdAT.

4.2 Layer Growth and DeviceFabrication

The semiconductor layer structure was grown by MBE. All samples were growdapep
(<0.05q L ¢ m¥10CG>wafers anccontaina100 nm Ge VS. iie MBE layer sequence of the
three samples is fourid Table4. The samples containl® nm thick GexSn-U-layerwith a
Sncontent ofk = 4 %. This layers position with respect to the charsmirce interface is varied
for the three samples. Figure24a layer schematics of the Ge aBeb 96SHv.04 parts of the
grown structurs for the three samplés shown More cetails of MBE growth of GaSny and
Ge on Sican be foundin section2.1 All samples have a total channel thickness of
dchanne= 50 nm. Compared to the samples presente@hapter 3the channel is reduced by
150 nm.A channel reduction in TFETSs is favorable for reducing ther&istancg85]. The
thicknessof the Gey.96Srv.o4U-layer, da =10 nm, is well below the expected itical epitaxial

thicknessof Gey.96S.04[112], and is assumed pseudomorphic biaxially strained with respect

Table 4 MBE layer seqance for these) 9¢Shy o4 U-layer TFETS.

Sample A| Sample B| Sample C Doping Growth
Layer Material | Thickness| Thickness | Thickness ) Temperature

(nm) (nm) (nm) (°C)

Source Si 350 Np=1t10%° 300

Source Ge 100 95 90 Np=1%10%° 160

Source | Ge.9eShv.o4 - 5 10 Np=1t10%° 160

Channel | Gey.96SMv.04 10 5 - 160

Channel Ge 40 45 50 330
Na=1%10%

Drain Ge 200 ¥ 330
Na=1t10%°

Drain Ge (VS) 100 Na=1t10%° 330

Drain Si 50 Na=11107° 650
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Figure 24 MBE layerschematic®f the Ge and GeSn parts of the devices for samples A, B an

to the underlying GeA thickness ofLO nm is on the other hand thick enough so goantum
confinement effect§QCE)can be expected to be smdlb suppress ambipolégakageand to
avoid growth interruption thdrain region was grown with a doping gradient dropping from
initially N a = 1A0%° cnmv® until reachinga dopingconcentratiomf Na = 1Q0' cmi at the dain-
channel interfaceA highly dopedn-Si top contact layer was grown to ensure ohmic comtact
as a final growth step

After layer growth the devices were fabricated with the GAA fabrication process described
in section2.2. A Oz-plasma post oxidation stepth duration =5 minwas performed and a
total of 60 ALD cycles wereconducted A physical oxide thickness @ox ~ 9 nm of the
particular AbO3z/GeQ, gate oxide was measured by ellipsometBgsed on a Si MOS capacitor

reference, a correspondieT of ~4.5nm of this particular gate oxide expected

4.3 Results andDiscussion

Figure25a andFigure25b showthe transfeand outputharacteristicef samplesA, B and
C, respectivelyThe steepesiSis foundfor sampleC with SS~430mV/decandis indicated
in the plot Whencomparing the IV characteristics of transistors from the three sanipas,
be seen thahe position of theGey.96Srv.o4U-layer influences bth the leakage currenipr,
andthedrive currention. Its influenceon lorr will be considered firstwhile its influence on

lon Will be consideredater on.
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Figure 25 a) Transfer characteristics of transistors from sample A, B and C. The dashed bl
indicate the minimum subthreshold slope obtained for samdg@utput characteristics of transist
from sample A, B and C.

4.3.1 Positional Dependence ofsermanium-Tin-Delta-L ayer at Source-Channel
Interface onlL eakageCurrent

lorris in the following discussiodefined asthe drain current at zero gate bias normalized
to the gate width, brr = Ips (Vbs, Ve = 0 V)/we. lorr as a function of device aréashownin
Figure 26. By looking at he area dependence @4 we obtaininformation onwherethe
current is flowing.All three samplegan beseen to be proportional to the area (indicated by
lineg), indicating area leakage dominaneerimeterandgate leakage currentan therefore be
neglected in the followingliscussionas these play minor rolek this respectthe oftstate
characteristicof the devicesare similar to tlose of theGeSnchannelTFETs presented in
Chapter 3For the smallest sizEFETs (A < 1um?) a deviation from the current density lines
can be seen. Thislelieved to belue to the high series resistance) (& these TFETsvhich
reduces the voltage drop over the diode by an améentoreRs. For devices wittdominant
area leakage, device scaling, i.e. mesa reduction, is a device improvement strategy for reducing
lorr and mprovingthe bn/lorr ratio. By establishing amrea proportionalityf lorr, we can
now discuss the positional dependence oGS .o+ U-layerat the sourcehannel interface

with respect to thpin epitaxiallayer structurgof the samplesAn increasen lorr by a decade
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can be seen wheshifting theGey.06Srv.o4U-layerfrom the sourcesample Cinto the channel
sampleA. lorrof Sample Bcanbe foundo liein betweerthe other sample$he total thickness
and Sncontent of th&Sey 96Stv.o4 U-layerarethe same for all device®ne cartherefore expect

the same total number of growth defects, i.e. traps, to be present in each samples. The position
of the trapsvith respect to theip diode depletiorelectricfield, howeveraredifferent.A strong

field dependences the signature aunnelingeventsWith the asymmetric doping profiles of
the samples, thehannelsourceinterfacerepresentshe positionn the depletion regiowhere

the electricalfield is at its maximumWith a high source doping concentration, the electrical
field alsorapidly decreasesince the depletion width does not extend far into the source region
Different TAT leakagecontributions to drr could therefore explain the positional dependence
of theGey.96Sv.osU-layer. The trapsconfined withinthis layerare more likely to contribute to
tunneling currents when positionadthe channel where the electridadld is higher As the
Gen.96Smv.osU-layeris movedfurtheroutside thedepletion regiorihe trap states atess likely

to contribute to tunneling currents.

The emperature dependeasof theTFETs wereinvestigated by lowering thmeasurement
temperature froml = 298 Kto T =240 K. The temperature dependence of the transfer
characteristics of mansistofrom sample B iseen irFigure27a. In the inset of theamdigure
the Arrhenius plot ofdrr, together with linear fitere shownA high contributionof tunneling
currentsto lorr is confirmed by thdow activation energie®f the samplesierived from
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Figure 26 Iorras a function of device area for the three samplessat 0.5 V. bercan be seento k
proportional to device area.
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Arrhenius plos. Theseare shownin Figure 27b for drainsource voltages d6=-0.5V and
Vps=-1.0V. The extracted activation energies are considerably loweh#ifofthe bandgap
which iswhat one woulexpectedf SRH generatioprocesses wemominating[31]. The low
activation energiesouldalso indicateontributions oBTBT processes without tragssistance
[145]. The lowest activation energy is found for sampld s further supportsheidea ofthat
tunnelingleakagecurrentincrease when th@ey 96Siv.o4-U-layeris positioned inside the channel
where the depletion electric field is highhe activaibbn energies are alsmnsiderablyjower
than thed % Sncontent GeSn channel TFET presente@hapter 3Thiscan beexplained by
the redution in channel thicknesgompared to thse sample Reducing the intrinsichannel
regiongreatly affects the electrical fiekhdtunneling widthacross the pin junction.

The activation energyf the samplesan also be seerto vary with Vps-bias A strong
reduction in activation energy is seen by increasing neg&fi¢ebias This is because the
increase in Ys-bias effectively reduces the extent of the tunneling baagesss the channel
inducing more tunneling current¥his effect is ofterreferredto asdrain induced barrier
thinning (DIBT) [146], and is more likely to be seen for TFETs with short channels and poor
electrostatic control over the badRIBT often describes onlyunneling across the entire

junction, directly from valence and into the conduction b&abked on the results presented

"~ ' [__E =0075¢V ' . .
a) - et 120{ ) ]
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Figure 27a) Transfer characteristics showing teenperature dependence of a transistor from saB
for Vps=-0.5 V (black curvesand \bs=-1 V (red curves)The inset shows Arrhenius plot afdk The
corresponding activation energiebtained fronfits areindicated.b) The activation energy ob#r for
all samples for ¥s=-0.5 V and \bs=-1 V. Low activation energies indicate tunneling dominanc
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here we expect the traps to be influential, and the tunneling lengths are less then what expect
from an ideal TFET with channel thicknessntmel = 50 nm. The observed highokrand DIBT,
is a stron@rgunentagainst furtler channel thickneseduction. Based on the results, a thicker
channeimight befavorable to reduce the leakage current.
4.3.2 Positional Dependence ofzermanium-Tin-Delta-L ayer at Source-Channel

I nterface onDrive Current

The positional dependence of ti&e 96S.o4-U-layer on lon will now be consideredin
Figure28athe transfer characteristics of the transistor with the highgstdn = 180 uJA/um
for Vbs=-2V and s =-4 V, is shown Although exhibiting aeryhigh lon, ahigh lorrresuls
in a poortransistor performanceith alow lon/lorrratio. The high brris resulting from the
TAT leakage andIBT at high negative Ws-bias discussed abov& Figure28b the averaged
lon is shown as a function ofpé for the sample No difference between tHen of samples A
and Bcan be seenwhile bothof themexhibit higherlon than thatof sample COn averaged
lon is a factor ~3 higher f@amples A and B than for sample C.

The effect of the position of the &&S.o+U-layer on bn can be explained by examining
the band structure in each of theee cases. Band offsets including strain dependent effects
were calculated using model solid thediyl7], and all model parameters, except for the
bandgap, were obtained from lineamterpolations of the model parameters @& and Sn.
Quadratic interpolation according[tb48] was sed to calculate tHeandgapenergies. A similar
parameter set as that[@#9] was used, but updated to include the newer experimgatizlof
[148]. Band offsets between materials wexgproximated according td50]. The largest
calculated band offset between Ge and ds&.04 Was found in the valence barietween the
heavy hot (hh) bands~ 50 meV Theconduction band offset was calculated to 2V for
the L-band, respectivelyA band structure calculation of a G&ET was obtained using
SILVACO Atlas[151] and the calculated band offsets betwé#® hkbands and between the
L-bandsof Ge andGey.96S.04 Were imposed onto these calculatidoisthe on and offstate
of the transistor for thtéhree different devices.
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Figure 28 a) Transfer characteristics from thransistor with the highesél (sample A. b) Averaget
lonas a function of drain voltage. The samples with the @el@ger completely or partly in the chan
(samples A and B) exhibit higheslthan the sample with the Ge8idayer in the source (sanepC).

Figure29 shows the schematic band structure diagrams for the soliaceel junction of
the three device types. The behavior #f tan be undrstood qualitatively from those band
diagrams. The main contribution to point tunneling will take place at the junction where the
spati al extent of the tunneling barrier, @&,
region is within the low badgap material layeboth due to reducdshrrier widthand reduced
bandgap This is the case for both wheéhe Gey.oeSnv.os-U-layer is situated in the channel
(sample A)and across channel and source regisample B),seeFigure 29. Hence, bn is
largely unchanged betweeroie tosamplesWhen theGey.06Sh.osU-layer is shifted entirely
into the source regiofsample § lon degrades as tunneling mainly occurs within the Ge.

As theGey.96Sn.o+U-layer positioned inside the source seem to have little influence on the
lon, sample B haseeffectively thinneiGey 96Smv o4 U-layerthan sample A. Sample B, however,
show similar én and much betterokr thansample A.Based on tis, a strategy for device
performance improvementould be to downscale the thickness of@® 9S04 U-layer. This
is becauseeducing the thickness whlireducelorrwhile leavelon unchangedwith alayer
reductionguantum confinement effectQCE) could however come into play. QCncreases
the effective bandgap[152] and might be counterproductive with respect to increasing the

tunneling probability.
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Figure 29 Schematic band structure diagrams for the secih@mnel junction of the three sample
off- (black) and on(red) state oftte TFETSs. Left: Sampla, middle: Sample B, right: Sample C. ~
tunneling barrier & is reduced when the
conducted by Torsten Wendav at Institute for Physics, Humkidtersitat zu Berlin.

4.4 Conclusion

The low bandgap d&eSnis aninteresting attributen the roads toward achievihggh lon
in Group-IV TFETs. However the bandgap lowering and thefect density of epitaxidbeSn
on Ge causes fundamental problems for the leakagents In this experimental studthe
positional dependence of a 10 rE®.osSh.osU-layer with 4% Sncontentat the source
channelinterface was investigatelVhenconfined ina 1 0 -layan G@oSm.04 is most
beneficial for bx when positioned in the channed apposed to side the sourceAs the
bandgap offset between Ge andh &8mnv.04is mainly in the valence banthe spatial extent of
the tumeling barrieris reduced in this layer structure configuratidrhe highestdn are
achieved in the sample withe Gey.96Sr.osU-layer completely in the channel witbn= 180
MA/um for Vps =-2.0 V and \& = -4 V. The positional dependence of {Bep.9eShy.osU-layer
is seento greatly influence theokr of the samplesDue to the strong electrical field at the
channelsource interface, tunnel events involving trap stategribute tomore TAT leakage
when theGeSnU-layeris inside the channelhe devices are also seen to be a subject to DIBT,
with increased tunneling currecontribution to brr with increasng negative ¥s-bias.

Although Ge.xSn« show some optimisti@ttributes with respect to boostingn) the
associated increase iprk raises some question about the feasibdityachievingacceptable
performanceGer.xSn TFETS. A possible strategy tboost bn consists of increasing the Sn

contentx in the GexSn-U-layer. However, the leakage current density has to be reduced to

80



keep brr manageable. Based on our analysis we expect that this can in part be achieved by

reducing the mesa volume andued i n glayerhhekness
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Chapter 5 SourceDoping
Concentration Variation in Germanium
P-Channel Tunneling Field Effect

Transistors

5.1 Introduction

The source doping concentration of TFET is an important device parameter aanich
influenceboththe BTBT drive curent, lon, andthe SS.When trying to éterminethe optimal
source dopindpr a TFET, somemportanttrade off aspectfiaveto betaken into consideration
In general a high source doping concentration is needed to ensure a short source depletion
length and achieve high junction electrical fedfigvorable for tunneling. Howevedlegeneracy
reduces the number of electrons available for tunnaliganlimit | on. A lower source doping
might in many casealsobe important irachievinglow SS[153]. Because of the temperature
dependenc®f the Fermi tail and alsdband edge smearinfp2], degeneracy introduces a
temperaturelependencevhich degrades the energy filteringechanism needdd attainSS
<60mV/dec.

In the case off FETs with a gatesource overlapanothertunneling current contribution
comesinto play Theenergy bands ithe sourceregion overlapped by the gate are bduné to
the applied gate field With sufficientband bendingBTBT canthentake placealsoin this
region Unlike tunneling which takes place at the sotzhannel interface, oftereferredto as
point tunnelng, this type of tunneling islignedwith the gate field The tunneling is hence
perpendicular to the gate oxide, asdften referred to ane tunneling [154]. Line tunneling
shares resemblance to GlBurrent but contributes to current flow for the same gate polarity
as intended for #hdevice. TFET concepts using line tunneling to enhangehas been showed
experimentally foiSi [9] and SiG¢g84] TFETs.Both line and pointunnelingarea function of
the source dopingSimulations of TFETs takingboth types otunnelinginto accounthave
proposed that there exists an optimal dopiog devices with source gate overl§®3].
However, varying the source dag in gatesource overlafse devices hasto thisaut hor 6 s

knowledge nhot beersubjectof experimentainvestigaion.
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In this chapter the effect of varyingource doping concentratioon the electrical
characteristics ofGe pchannel TFETs with gatesource overlapis presentedWith an
experimentasample series comprisitigree sampleshe doping concentration in souregion
is vared Ns=1A0"°cm?3, 3A0"°cm?3 and F40*° cm?3 The TFETs demonstrateifiérent
subthresholdharacteristicelependenbn Ns. Contrary to whais expectedor point tunneling
TFETSs the samples with the highest source doping showtdepessSes Based on th¥ ps
and temperature dependence of tfaasfer characteristicthis isbelievedto be due tgate
inducedTAT inthe source region overlappedttye gate. By increasing the source dopirey th
onsetof this thermal activatedubthreshold current idelayed and lower SS are achieved
Although showing steeper subthreshold characteristics, the TFETs with high source doping also

demonstrate an earlisaturation. This leads to approximately eqgabletweerthe samples

5.2 Layer Growth and DeviceFabrication

The semiconductor layer struce was grown by MBE. All three samples were grown-on p
doped (162 0 ¢ L &X0>wadrs andontain a 100 nm Ge V$he gatesource overlap is
defined by the source -®e heterojunction. For the samples this region includes tharh00
source region witldoping concentration §jlas well as aA0?° cm® top top Ge layer, which is
the same for all three sampl@fie samplesary by having differentioping concentratioNs.
The doping concentration wassN 1A0 cn3, Ns = 3A0'° cm® and Ns = 5A.0'° cm® for the
three samples, respectiveljhesedopingconcentrations altorrespond talegenerateloping
levels beingequalor higher tharthe effective density of statés the Ge conduction band
Nc = 140 cm¥[139]. Thesamples all have a 200 nm channel region, and a20Ge drain
region with a gradual doping profile. An asymmetric doping profile is used to suppress
ambipolar leakagéllhe MBE layer sequenad the sampleg given inTableb.

After MBE growth of the samplesa broken piecdrom the Si shutterwas found in thé&e
effusion cell When reviewing the growth log, it was established that the incident hadrneg
before the growth of the samples.Si contamination othe grown Ge for all samplescan
therefore be expectetihe melting point of SiTsi = 1414°C) is abovethe workingtemperature
of the Ge effusion cell (typically d.cen ~ 1300 T). The vapor pressuref Geis therefore
expected tadominae during Ge growth. We therefore assume tifwt Si contaminationis
negligible, and in the following discussioBe will be consideredUnfortunately, no SIMS or
similar methods could be used to estdbtise actual Si contamination Wih the time scope of

theexperiment
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Table 5 MBE layer sequence fdhe Ge TFETSs with varyingourcedoping concentratian

Layer Material Thickness Doping Growth
(nm) (cm'3) Temperature
(°C)
Source Si 100 Np = 1A0%° 300
Source Ge 100 Np = 1A0%° (Np) 160
Source Ge 100 Ns= 140, 340, A0 160
Channel Ge 200 - 330
Drain Ge 200 Na=1110% 330
y
Na=1%10%°

Drain Ge (VS) 100 Na =1t 102 330
Drain Si 400 Na=1%10%° 650

After layer growth the devices were fabricated with the GAA fabrication process described
in section2.2 A O2-plasma post oxidation stepth duration t =5 minwas performed and a
total of 60 ALD cycles wereconducted A physical oxide thickness afox~9 nm of the

particular AbOs/GeQ, gate oxide was measured by ellipsometery

5.3 Results and Discussion

Figure 30 shows the transfer characteristics @& TFETs with varying sourcedoping
concentration Ns. A line is plotted to indicate the steepness of the deviadh
SS=370mV/dec The three samples show similaansfercharacteristicsA large set of
transistorg(> 25) from each sample asthereforemeasured for a better comparisandto
account foitransistor to transistarariancewithin each sample.

5.3.1 Influence of Source Doping Concentration on L eakageCurrent in
Germanium Tunneling Field Effect Transistors

Theleakagecurrentof the TFETswill now beconsidered firstThe TFETs in Figure30 all
exhibitan ambipolar behavipwith increasing current for positive gate voltagleis ambipola
behavioris due tothe gate inducedunneling which can take placat the drain-channel
interface ambipolaleakageandorin the drain region overlapped by the g&¢DL. This gate

induced leakage currelaads to a distinct minimuin the transfer characteristicehe position
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of this minimum with respect to the gate voltag® be assumddfluencedby three factas:

(I) the magnitude and onset of tigate inducedeakagecurrent (I1) the magnitude and onset
of thedrive currenand(lll) theflatband voltage shiffThecurrent level at this minimuns, in
addition to the ambipolar leakaged drive currentalsodetermined by thieakage currentf

the reversed biased pin diodehis contributioncan be assumed independent of gate voltage
The measured leakage through the gate osichegligible in comparisoto the drain current
andhas nanfluence on thelevice characteristics.

Current, I (A/pm)

[
=]

—
<

370 mV/dec

10"

Gate voltage, V (V)

Figure 30 Transfer characteristics of TFETs with different source doping concentration. The
show similar minimum leakage current and maximum drive currents, but demonstrate i
subthreshold characteristics.

The averagedatevoltagecorresponding to theninimumdrain current, \¢,min = Vg(Imin),
as a function of Nlis plotted inFigure3la. Vg,min can be seen teary between the samples
trendng to shift towards negative gate biases as the source doping is incréaseddicates
that one or more of the factorsl(l) diff er for the samples. A flatband voltage shift originates
from the gate metademiconductor work function difference as well as oxide and interface
chargegl23]. These parameters should, however, be comparatively equal fontpksaand
result in a constant parallel shift of the transfer curve for all samplessamples have the
same gate oxide and gate meTdie gate induced leakage current is determined byridna
and draiachannel interface region®ue to thesamestructure and composition of the drain

regions ofthe sampleslso similar gate induced leakage currents are expected. Based on these
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assumptios, the differentnature of the drive current in the subthreshold regaausing the

shift of the minimumThis is also supported visually by the transfer characteristi€sgire

30, which exhint different onset behaviorand different SSesbetween the saptes The
subthreshold characteristiagll be discussed in details later ofhe averaged current value at

the minimumnormalized to the gate widthnin, is plottedas a function of device areakigure

31b. Imin can be seeto be independent afevice areaAn area dependence afid would imply

a much bigger differencéa factor of 10)betweenthe Imin Of the largest andsmallest size
transistorsrespectively Imin is hencemainly flowing at the surface and proportional tothe
perimeterof the devicePerimeter leakage current includes the discussed gate induced leakage
currents but can also includ&RH generation and TAT due to traps at thég@e oxide
surfaceincreasing th@in diode leakageurrent To effectivelyreduce the gate induced leakage
current a gatedrain underlap is requirgtl7]. This would necessitate the formatioha spacer

[81] for the vertical devices presented here. How best to achieve this spacer techsetily i
unclear as many considerations has to be taken into account. Dopant diffusion prohibits the use
of high temperatures, while rmanomete thicknessaccuracy might be needeldowering the

drain doping concentration and forming an asymmetry in the sowadedoping level isa

common strategy to suppress the tunneling at the channel drain irfédfaEer TFETs with
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Figure 31a) The gate voltage corresponding to the minimum drain current in the transfer charac
Vemin, @S function of N Ve min shifts towards negative values with increasing doping concentrhj
Imin @s a function of device area. The devices show little dependence on area. This indicatess
determined by the perimeter of the device.
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gatedrain overlap thiscould however,lead to increasedunneling in the drain region
overlapped by the gat§IDL, as the onset voltagé this transport mechanisis lowered.
5.3.2 Temperature Dependence ofsermanium P-Channel Tunneling Field
Effect Transistors with Varying Source Doping Concentration

Temperature dependexaf the transfer characteristicstbe GETFETs wasinvestigated by
stepwise varyinghe measurementemperature fromil =RT to T =243K. The transfer
characteristiof aTFET with source dopinds = 3A.0'° cm at different temperaturessgown
in Figure32. A strong temperature dependema® beseen for the imiimumdrain currentthe
subthreshold region aridr theambipolarbranch In the insebf the same figurghe Arrhenius

plot of the current for the ¢/biasdemonstratinghe highestactivation energyis shown

VG=—O.54V
38 40 42 44 46 487
q/k, T (eV™) ]

Current, I__ (A/pm)

T=298Kto243 K '

<o

-3 -2 -1
Gate voltage, V_ (V)

Figure 32 Transfer characteristics of a sample with=N 3*Actidat different temperatures. 1
leakage floor and the subthreshold region exhibits a strong temperature dependence. Arrow
the gate bias for which the maximum activation energy was ctddulimset shows the Arrhenius |
of the current at this bias.

Figure33a shows the resultinglot of theactivationenergyas a function ofate biasThe
maximum activation energy approximately equdbr all samplegEa ~ 0.29 eV) andclose
to hdf the bandgapEc/2, of Ge This together with the perimeter dependence, indicates that
SRH generation current at the surfacéhis main contribution tohe leakage current atish
minimum The temperature dependence of Sgdtheration current is equal to the temperature
dependence of the intrinsic carrier concentratipiiseesectionl.4.5. The position of the

maximum Ea with respect to gate voltage can be seeshiti towards negative gate voltage
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with increasing source doping concentratidinis correlates to theoltage shift of Vg min
discussed abovAt Vs minthecontributionof thegate field dependewcurrens areweakest and
therefore represent the region where SRH generatomtribution will be largest The
temperature dependence of thate induced leakage currest not consistent wittBTBT
mechanismFor Ge,an activation energy of/=~ 0.1eV is expected for a BTBT procd&d5].
The higher activation energies therefameicate TAT currents, involvingSRH generation
processesThis type of TAT process hafor along time beenknown tobe thecauseof the
temperatue dependence of GIDat low gate field§or MOSFETS[155, 156]

At high negative gate biake drain currentf the TFETSs seen tchavelow temperature
dependencewith Ea < 0.1 eV. This isconsistent witta BTBT drive current. Tle combination
of a strong temperature dependence of the leakage current and the weak temperature
dependence of the drive curreleiads to asignificantimprovement in thedw/Imin-ratio as the
temperature is lowere@eeFigure33b). At a measurement temperaturelof 243K, two of
the three measuredransistorsdemonstratea lon/Imin-ratioof more tharfive decadesfor
Vps=-1V. This can be consideres goodor an all-Ge field effectransistordevice.
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Figure 33 a) Activation energy as a function of gate voltage. The maximum activation energ)
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TFETSs.
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5.3.3 Influence of Source Doping Concentration on Subthreshold Swing in
Germanium P-Channel Tunneling Field Effect Transistors

From the results presented so itabecomes clear th#éte largestdivergence between the
threeGe TFETsamplesan befoundin the subthreshold regiohe SS and the subthreshold
regiors of theTFETsfrom the three samplesdll therefore now be examinedore closelyThe
SS is here defined as the steepest point in the transfer characteristieseragedclosed
symbols) and theninimumSS (open symbolg)f theTFETs from the thresamples arehown
in Figure34aas a function o¥ps-bias The SS as a function of temperature for the three TFETs
is shown inFigure 34b. The lowest SSwvas found for aTFET with source doping of
Ns = 540" cm® andwas SS= 323 mV/decfor Vps=-1V. This isa factor ~ 5.4away from
the60 mV/dec MOSFETimit and considerably highénanthe lowest SS measured by a TFET
so far[23]. In part this can be explained by the thick gate oxide needed to prevent leakage
current flowingbetweensubstrateand gate.Gate oxide thicknesis, however, equal for the
three samples ancan thereforenot explain the dference between the samplé§¥hen the
doping is lowered, the width of the part of the tunneling barrier extended into the source region
is increased. The contribution of the 8fat is due to the gate voltage manipulation of the
electrical field (se€14) in sectionl.4.9), is inversional proportional to the tunneling width.

Low source doping ishereforeexpect toimprove SS for TFETY153]. Contrary to this, e
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Figure 34 a) Averaged (closed symbols) and minimum (open symbols) SS as a function efalredt
voltage. SS is seen to be independent gfhiasb) SS as a function of temperature. SS is impr
when the temperature is reduced
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results presentdaereshow the exact opposite trerichetransistors from theample with the
highest source dopingxhibit the lowest SSThis is true both with respect to the averaged SS
(closed symbols) and the lowest measured (open symbols) SS, respebtivalerag theSS
of the TFETs with the highest source doping concentratidis = 540 cm®) has over
100mV/declower SSthan theTFETswith the lowest source dopir{tys = 1A0'° cm?).
Furthermore, the SS afl sampleslemonstrata weakVps-biasdependencén Figure35a
c transfer characteristics fFETs from eachsampleare shown for differentVps-biases
Similar to the subthreshold characteristica dWIOSFET it can be seen that thizain current
in thesubthreshold regi@{indicatedwith red circlg areseemingly linear in the sertog scale
andindependent oY ps-biasfor all samplesA Vps-independencef TFETs can be attaineoh
1D systems with ggressively scaled oxidend excellent electrostatic gate con{®7]. For
the bulk system with thick oxide presented here, this is, however, not exp€bteline
tunneling Si/SiGe hetostructure TFETs presented8d], which are reprinted ifigure 35d,
showsimilar subthreshol@dharacteristicasthose ofshownhere (se&igure35a-c), butthisis
neither discussed nanentionedby the authorsA weakVpsdependene of thedrain current
could, however,ndicateline tunneling The magnitude of therle tunnelingdepends on the
band bending ithe source regionverlapped by the gaiseeFigure36a). As the source is
groundel and lies mainlyutside the pin depletion regipotihe band bending in this region is
mainlycontrolled by s alone[158]. However, aelativelyhigh gate field is required to activate
line tunneling. The energy bands musthmet to the extent thatunneling is allowed, i.e.
electrons irthe valence band at the surfdw@eve a higher energy théme empty statesn the
conduction bandbove the fermi level ithe bulksource The subthreshold regiaatherefore
expected tde governed by point tunnelingvhich has anuchearlier onset compared to line
tunneling[159]. The standardiew of BTB line tunnelingis thereforenot consistent with the

results presented here.
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Figure 35 Transfer characteristics from sample with source doping concentraine= 3 A' cbn®,
b) Ns=3 AMcdn® andc) Ns=3 A odn? at different drairsource biases. The subthreshold re
(indicated) of all TFETs can be seen to be weakly influencedobydy Transfer characteristics tak

from the nchannel Si/SiGe lintunneling TFETs presented by Schmidt ef&d]. These devices shq
a similar subthreshold characteristics as those shown here.

In Figure34b it could be seen thdhe S®sexhibita strong temperature dependentee
SSesgdemonstrat@ close tolinear relationshipwith respect tdemperaturen the temperature
range investigated\ strong temperature dependence is inconsistentBUIBIT, andindicates
the involvement of process dven bythermal activabn. Thelinearity in the semlog scale,
weak Vps dependence and strong temperatdependencare all not consistent wittdeal

TFET characteristics, and thereforaises someguestions about the current transport
mechanismn thesubthreshold region
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A possible mechanism which could expltie belavioris the twastep TAT processhown
in Figure36b. A valence electron in the gaseurce depletion region teermally exited into a
traplocatedat, or close tothe Ge/oxide surfacee.SRH generatiofblue arrow) Due to band
bending of the gate fielthe energy level at this trap state is above the energy levelahibity
states in the conduction band. The exited electron can theteforelfrom the trap state and
into the conduction ban@reen arrow) The expectedhature of this type oprocesdits well
with the observed IV subthreshold characteristiche TFETS

a) b)
Oxide Oxide

Gate \ Source Gate

Source

Ve

\

Figure 36 Schematic band diagrams of the gat@irce MOS capacitor. a) At high gate bias the el
bands are bended to the extent that BTBT tunneling is activated, requiring a high gate bias.
of tunneling is referred to as line tunneling. b) Line tunmebhan electron which has been therrr
excited (SRH process) into a trap state. This type of process has a stronger temperature depel
a), and an earlier onset as less band bending is necessary.

It would demonstrate a distindemperature dependenadue to thethermal excitation
process It would alsoshow line tunneling character with a weaks\lependencesincethe
process takes place outside the g@pletion region. Unlike line tunnelinigvolving a single
BTBT procesgFigure364), this process will have an earligate biason-set This is because
less band bending is required to activate tunnelingpuld hence contribute current flowat
relativdy weak gate fieldsThe similarity of thisype ofprocess with the GIDL mechanism
thegatedrain overlap regiodiscussed abov&hould here beecognized.

Assuming that the SS is influenced by thap-assisted line tunnelingrocessdescribed
above, thalifference between the three saggptamow be explainedThe gate voltage for a

n-MOS capacitor is ithe classicalmodelgiven by[31]:
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1 —
Ve =VE BVS'C_OX 2NsUg V. (28)

Here kg is the flatband voltage, d/s the surface potential,dk is the oxide capacitance
and(sthesemiconductor permittivityd TAT line tunnelingorocesswill have a onset voltage
This voltage corresponds ta:When the surface potential h@sche anenergylevel for which
tunnelingis allowed As midgap traps are the most effectiyeneration centershe onset
voltagecan beestimated byeplacing \&in (28) with Ec/2. The last term irf28) representshe
voltage drop across the oxidad it can be seen that an increased source doping leads to a later
onset as the magnitudef this termincreags This is oppositdo that ofpoint tunnelingin
TFETs, where increased source doping leads to an earlier &sey rough estimatdsr the
parameters i1§28) and Vs = Ec/2, a lager difference between the onset voltage,oiéet and
the averaged ¥min Of the samples result$his can however be explainbyg the factthat the
position of Vg min is not determined by the onset of TAT line tunneling alone, but also the
ambipolarbranch. It can be noted that, when insertiig= 120 meV the differences are in
good agreemeniThe observedifferencein position ofVgmin With respect to gate voltage
between th&e TFETs can be said agreequalitativelywith this assumption

Increased doping leads to higher fields inside the semiconductor, which increases the
tunneling probabilities and hence thenneling current. As a consequencdine tunneling
currents exhibit steeper subthreshold characteristtbsncreased doping conceation In the
respecbf onset behavior of line tunneling TFETe esults presented here is in qualitatively
agreement with theemiclassicalsimulationsof gateon-source onlySi nchannel TFETs
presentedn [160]. Smulated transfer characteristitdm that studyare reprinted here and
shown inFigure37b.

In Figure37aaveragedransfer characteristics of thleee samples are plottadth adjused
gate voltage The gate voltagevas adjusted bysubtractingthe averagedgate voltage
corresponding to theminimum drain currentVe = V- Vemin. Although this kind of
manipulation of the characteristics might seeandwaving this could be accomplished
technologically by for exampladjusting thegate metalwork functionfor each sample. By
altering the gatenetatsemiconductor work function difference, the flatband voltage can be
adjustedcorresponding to the averaged {min) plottedin Figure 31a. Although, a deeper
onset behaviors achievedwith increasing source doping stronger saturation ofie drain
currentcanalso be seerhis leads to similar drain currents at highegative gate biases for
the samplesAlthough the averaged drain sourcarrent is higher for the TFET with
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Ns = 540" cm, the overlapping of the error bars, indicating the standard deviation, shows that

this differene is not significant.

vG.min =-0.04V

=-030V

G,min

\Y% =-040V

G,min

b 105 semi-classical Si [111]
) EOT=0.6nm :

108 | WF=4.05¢eV.
V=1V,
107 FN, (x10"en”

-0-9 — =

-8 1 BTBT tat)

10 B 4.2 A[”;}rlenalon
10° &3 | o [100]

3

19 -
t| —m—1-10 cm

Current, I o (A/um)
=

las (A/um)

E 19 -3
F| —8—3.10 cm

§ I . 1() 73 . -10 0. - - .. -
107k —&—5.10 cm A/ 10 8
Ey L L | . ) , 10'11 L AT fi.. 0:63 . |
30 25 20 -15 -10 -05 0.0 1012 L Nex10%m?®

. 0.5 1.0 1.5 2.0 25
Voltage, V. (V) Vgs (V)

Figure 37a) Averaged transfer characteristics as a function of adjusted gate voltatie fthre
different samples. The gate voltage was a adjusted by subtracting the gate voltage correspon
averaged minimum drain currentc\E= Ve - Vemin. b) Simulations of transfer characteristics te
from the gate on source only Si TFETSs presented by Kao[@é68l. These simulations show a sim
shift in tunneling onset voltage with increased source doping.

5.3.4 Influence of Source Doping Concentration on Drive Current in
Germanium P-Channel Tunneling Field Effect Transistors

Figure38 showsthe averagedrive currentjon = lIps(Ve = -3.5V)/wg, of the samplesThe
difference between the samples is 1sognificant and contrary to simulatio88, 160] no
observable effect of source doping concentratinrion can bedistinguishedLine-tunneling
has been proposed to dominate over point tunneling in devices with source gate overlap at
higher gatevoltages[159]. All three Ge TFETspresented herkave a 10tim top Ge source
layerwith Np = 1A0?° cm® above the 100 nm layer with doping (8eeTable5). Due to the
high doping concentration, tteartingassumption was that this regimlargely unaffected
when aVg-biasis applied If, howeverJine tunneling in this regiostands for thelominating
contribution to b, the explanation for theomparabledn for all TFETs could lie heréA trade
off between the contributions of line and petiabneling for different source doping
concentrations couldlsoresult in similar drain currentd &igh negative gate bias. Another
tradeoff with respect to source doping lietweenthe increased tunneling probabilities and

reduced availability of electrons/hich isintroduced by degeneracy
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Figure 38 Averaged én as a function of Mfor different \bs-biases. No significant difference
between the samples can be distinguished.

To betterassesshe effect of source doping concentratiam the BTBT currenta broader
doping concentratiorange than presentedtims experimenis suggested for further research
An experimental series varying the thickness of the sourceftayeefixed source doping would
also be interesting. This could give answers with respect to the nature of line tunneling and
point tunnelingard theirrespectiveeontributions When increasing the thickness of the source
layer, the line tunneling component should increase, while the point tunneling component
should remain unchangetiven the vertical device geometry, increasing the source layer
thickness would have no effect with respeatiéwicearea.

5.4 Conclusion

The effect of varying source daoy concentration iwvertical pchannelGe TFETs with a
gatesource overlap has begvestigatedAll devices exhibit a perimeter proportioneakage
current. Based on temperature measuresntite leakage mechanism is SRH generation at the
Ge/oxide surface. The TFETs also demonstrate an ambipolar behavior originating from a trap
assistedjate inducedeakage current in the drain regi@teepeisubthreshold characteristics
was foundwith increasingsource doping (K= 5A0" cm®) concentration. This ispposite
what is expected for sourohannel pointunneling, but imqualitativeagreement with a gate

source overlap line tunneling mechanisrhe early onset and temperature dependence of the

95



subthreshold regigmon theother hand, indicatieap assisted line tunnelingyolving both SRH
generatiorand tunnelingprocesss Although steeper subthreshold characterisasbtained

with increasedsource dopingan earliersaturationleads to similardn between the samples.
Contrary to results fromublishedsimulation studies, no effect sburce doping concentration

on lon could be distinguishetetweenthe dopinglevels investigatedin this respect no
advantage in reducing the source doping concentration for improving the device performance,
as suggested by some, could be pro$emgesonsfor further work isto investigde a broader

doping concentration range awarying thesourcdayer thickness.
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Chapter 6 SourceDoping Profile
Tuning in Germanium P-Channel
Tunneling Field Effect Transistors
through Molecular Beam Epitaxy

Antimony Pre-Buildup

6.1 Introduction

Compared to otheelectronicdevices, he TFEThas especiallyigh requirenentsfor the
abruptnes®f thedoping profiles. Due to the strong barrier thicknemsd fielddependence of
the tunneling probability, &ourcedoping abruptness of leshkan 4nm/dec is needed to
maximize bn [50]. Achieving thesd&ind of doping profiles technologically is challengifidgne
enabling of growth at low temperatures gives MBEadmantagen achievingsharp doping
profiles as well as high doping level# avoidsprofile smearing due tdopant diffusionas
might result fom other techniquerequiring high temperaturgrocessg steps With MBE,
doping levels higlabove thesolid solubility limit can beachieved161].

A dominant mechanism fodoping profile smearing in MBEis, however, surface
segregationSurface segregatiotiescribeghe situationwhen impurity atomspile up at the
surface instead of being incorporated into the cryStaiface segregation prompts the use of
very low growth temperatures. Thian havelamaging conse@uces for the crystal quality.

Pre aljusting the adatordopantconcentratioron the surfacevhile growth is temporarily
arrestedjs a techniquehat has beensed tocompensat¢his effect and toealize abrupt and
high doping concentration fdyoth Si[89] and G¢§l62] systems This technique, is usually
referred to agpre-buildup. For Si tunneling diodesan implementation of this technique has
resulted ina peakto-valley ratioof 3.94[163]. Recently a study of Sb doped Ge structures
grown by means of MBE reportedchieving 25 nm/dec doping gradierg through
implementing prebuildup and low temperature growtt64]. This shows tht this technique
might be suited for realizing the levefl doping abruptness needed in vertiteETsrealized

with MBE.
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In this chaptera Sb pre-buildup doping isuseal as a measure to achiesteepersource
doping profilesn Ge pchannel TFETsThrough a sample series comprising three saniples
pre-buildup Sb concentration was variasith different ML of adatom concentrations. A
reference with OJL, and samples with/20ML and 1/10 MLconcentrationsverefabricated
Theeffect of Sb ML on thelectrical characterization of tAd-ETs from the thresamples is
reported.The best result is achieved for the TFET witBO ML buildup concentration, which
shows the steepest SS as well as the higbest |

6.2 Layer Growth and DeviceFabrication

Tale 6 show the MBE layer sequence of the three Gehpnnel TFETsThethree TFET
samples differ only by different ptauildupadatom concentration, while the rest of the growth
and layer parameters were kepthangedAdatom prebuildupconcentration was determined
by usinga pre-calibrated boron fluxFss = 140" scm?) for the Np = 1A0?° cm® source
doping concentratianhe pre-builduptime, tony, Was then variettom toou=35st0 tppu=70s
for the 1/20ML and 1/10ML concentrations respectivelyhe samplefave a channel region
thicknessof tchanne= 150nm, and unlike the TFETs presented so far, no doping gradient was
used in the Ge drain regioA. constantdoping (Na = 140" cm®) was instead usedore
detailson MBE growth of Gep-channel TFETs was givein section2.1 The MBE layer
sequence of the samples is giveTale 6.

Table 6 MBE layer sequence for Ge TFETs withrying Sb prebuildup concentrations.

Layer Thickness Doping Growth
Material (nm) concentration temperature
(cnd) (°C)
Source Si 100 Np = 10°A 330
Source Ge 100 Np = 10°A 160
Source(Pre sb 0 ML, 1/10 ML, ] 160
buildup) 1/20ML

Channel Ge 150 - 160
Drain Ge 200 Na= 10"A 330
Drain Ge (VS) 100 Na= 10°A 330
Drain Si 400 Na= 10°A 650
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The TFETs structures were realizedth the GAAfabrication process described in
section2.2 The oxide consist cd total 60 ALD cyles andan oxide thickness of 9 nm was
measured with ellipsometry. Nmst plasma oxidation was pemfeedfor these samplesinlike
the previous reported TFETIastead dow temperatur€T = 350°C) FGAstepwasperformed

after fabricatiorwasfinished as a measute reduceandpassivatexide charges.

6.3 Results andDiscussion

Figure 39a showsthe transfer characteristics gkchannelGe TFETswith varying pre
buildupMLs of Sh A slope with SS=300 mV/dec is plotted to indicate the steepness of the
devicesIn Figure39the averagedh (Ios(Ve = -2.5V)/wg) of five transistors with gate width
wg =4 um as a function of drain source voltagreshown.These smallest sz transistors (on
the chip) were shown &xhibitthe best transistor performanes leakage current was reduced
by area reductianThe TFETs withl/20ML Sb prebuildup showthe highest lon. This shows
that an increasen lon can be achieved simplytuning thesourcedoping profilethrough pe-
buildup of Sh This can be a result of @dudion of the effective depletion widttvithin the
source whichincreases the tunneling probabilityjowever, between the TFET with 1/10 ML

Sb and the reference salethe error bars overlap, indicating minimal significance. This could
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Figure 39 a) Transfer characteristics of Gechannel TFETs with varying ptteuildup MLs of Sbb)
Averaged én as function of drairsource voltage M. Horizontad positions of the 1/10 ML and 1/20
ML data points are shifted by30 mV for readability.
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indicatethe existene ofan optimum adatom concentratjas no successive increase ¢\ |
follows the increase of adateooncentrationA higher Sb adatom concentration should fead
a higher chemical doping concentration at the source interddicdopant atoms might not
manage to occupy substitutional cites, hence the number of free cardest necessarily
identical to the number of dopant atanifie electrically active carrier concentratiuas been
shown tostronglydeviate from the chemical doping concentratifur degeneratelysb dogd
Ge[111].

Anincrease inon could also originate from increased TA&dntribuions. If the high doping
concentration is resulting in more traps at the channel source interface, induced TAT could
enhancedn. However this seems unlikely as wouldimplicit thatthe sample witlthe highest
pre-buildupdopant concentratiowould exhbit the higheston, which is not the case

The boost indn achieved for the 1/20 ML Sb ptaiildup TFET is not nearly enough with
respect to achieving the ITRSnI requirement(lon,itrs = 456 JA/um)[59]. However, when
considering the minor implication it imposes on the defateication, the resudtare non the
less intriguingAt the writing,the status of the TFET is thmtombination omoreperformance
boosters is needed to make the TFET compatiiitethe MOSFET with respect ton.

Averaged brr of the three Ge TFETas a function of Ws-biasis shown inFigure40. The
leakage currenseems to be dominated by tunneling currents, as a stregigependence is
demonstrated. An increase ofi-2dec/V can be seeAlthough showing similar behavior for
low Vps bias lorr for Vps=-1.2V is higher for the Ge TFETs with Sb goaildup, thanfor
the referenceThis couldbe the result of thmore abrupt tunnel transitipmwhich for the same
reasoralso leads thigher bn. Due to that the presented TFETs have a poor electrostatic gate
control ofthe bodyDIBT is expected to contribute to eled leakage currenta.less steep
doping profile and thicker tunneling width in the reference sample could suppress this effect.

The high leakage current level, compared to the Ge TFETs preser@éadpter Sshould
also be commentedhis is in part aresult of reducing the channel thickness from 200 nm to
150 nm. ltcould, however also be a result of dower crystalline qualityfor the samples
presentedhere From process reliability surveillance, through fabrication and electrical
characterization of reference Ge pin digdles condition of the MBE system has shown to vary

over time.
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The SSof the samplesvill now be consideredDue to measuremenbise, differentiating
the drain currerdnddescribing the steepness of the TFR&/IH a pointslope approachroved
unreliable The SSwas instead calculated as the minimura néeded to change the drain
current a minimum of one decade:

&/

SS m, wherlgd ad olg.(

(29

As for the bn, the best SS are found for the Ge TFETSs witBb prebuildup of 1/20 ML
ForVps=-0.4V and \bs=-0.8V, this TFETshowson average 100 mV/ddower SSthan
the referencelhis can be understoachenusing the same argumentiaghe discussion dhe
lon. As thissample has enore abrupt source dopimyofile, a shorter tunneling widtlanda
higher tunneling probabilitis achieved The closer the tunneling probabilitpmes to unity,
the more effective the band pass filtering becqfrteq. For a lower tunneling probability, the
contribution of switching due to thecMmodulation of the junctiomlectrical field becomes
more dominan89]. For this latter switching mechanisthe SS has a quadratic dependente o
Vg, and the SS is only small in a narrow gate voltage rgsRRje At a drain voltage o¥/ps = -
1.2V, the differencédetween the S6f the three samples less pronounced. Thisdueto the

higher brefor the Sb prébuildupsamplesompared to the reference sammpllich affects also
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the early subthreshold regiofhe SS of the 1/10 ML sample is similar to that ofriéference
sample. Itould be thathe high adatom concentratitgads to smearing of the conduction band
edge[52], which leads to less steep subthreshold characteri$hcsagain, suggests that an
optimal prebuildup concentration exists. To establish this, a suggestion for further studies is
exploring a greater range of Sb {imeildup concentrations between 0 ML and 1/10 ML.
Figure41b shows the SS as a function of decades of drain currentdorFV0.4V. As
expected for a TFETand asin contrast tothe subthresholdurrent of aMOSFET, the SS
increases as more decades of drain currents are consitlei®d due that the SS of a TFET
is not independent of &/ It canbe sea thatthe TFETs with a préuildup concentration of
1/20 ML, exhibits the best S®r all decaes of Ips considered adog(lps) O 0.5dec
Extrapolating thedata pointan Figure41b to zerodec with a linear functiongives a rough
estimate ofheSS point slopeSS$s The differences betwe&tsof the three samples aftess
pronouncederror bars overlap)f the SS is closelyconnectedo the difference in tunneling
probability as argued abovsjnce the difference betweethe TFETs SSis less when

consideringanarrowgate voltage range.
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Figure 41 a) Subthreshold swing as a function of draourcevoltage. Lowest SS are found for
transistors with 1/20 ML prbuildup of Sb.b) Subthreshold swing as a function of decades of
current.The horizontal position of the 1/10 ML and 1/20 ML data points are shifted in both figu
readability.

102



6.4 Conclusion

A MBE pre-builduptechnique of Sb has been investigaie@ means to achieve steep source
doping profiles invertical p-channel GeTFETs. It is seen that for a Sb pimiildup
concentration o/20 ML, theTFETslon improves with respect tadhereference sampl&his
is explained by the higher tunneling probability which results from the more afwupte
doping and shorter tunneling widtfihe boostin lon insufficient to achiewe the ITRS lon
requiremenbn its own but couldeasilybe implemented in eobinationwith otherstrategies
for boosting thelrive currenfor TFETSs Thepre-builduptechnique imposes rextra load onto
the TFETfabricationprocesstself.

The steeper source doping pled for the 1/20 ML Sb is also seen to result on steeper
subthresholdwings This is explained bthatthe increased tunneling probability improves the
band pass filtering

The results also suggestgatan optimal prebuildup dopingexists The effectof usinga
higher pre-buildup than 1/10 ML Sb was less commendable, showing compardélece
performancewith the reference sample in all aspeétsuggestion for further work therefore
would be toexplor the range between 0 ML and 1/ML Sb prebuildup concentratioain

smaller intervals.
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Chapter 7 Electrical Characterization
of Germanium/Aluminum
Oxide/Aluminum M etal-Oxide-
Semiconductor Capacitors Passivated

through Post PlasmaOxidation

7.1 Introduction

A major challenge for Ge based fieldest devices igshe Ge/oxide material system. The
direct Gehigh-a interfaces are known for having a very high @&mpared to the Si/SiO
system This can lead to serious device performance degradation. For a field effect transistor,
interface traps leads to elevated leakageentsandthe electrostatic gate control is weakened.
This affects the subthreshold and-otffrrent characteristics of the devide.high Dy also
reduces the channel carrier mobility and hence the drive currdrageétrapping effectsside
the oxdecan also be induced by elevatedlevels. This is because a high:Devel allowsfor
easiercommunication between thaharge carriers in theemiconductor anthe traps in the
oxide [165]. Charge trapping inside the gaigide lead to hysteresis effects and unreliable
device performancd?assivating thé&e/oxideinterface is therefore an important task on the
road towards Ge basééld effectdevices as viable alternats/® Si based ones.

The Gehigh-a interface has heever proven difficult to passivate by classical mean like the
hydrogen passivation of dangling bof#jsl24} A more successful approashemdo be the
passivation of the Ge surface through the formation of an aciatflayer (IL) between the Ge
and the higke materia]166, 167] The criteria of the interfaci& reducing thd®;i;, while at the
same timénavea thickness of only a few atomic laysisas not to reducthe oxidecapacitance
and provide a low EQTDifferent ILs and synthesis methods are currently being extensively
investigated. Some examples are-8ppassivatiofiL68] andnitridation169].

GeQ: is the obvious candidate for passivating thesGeace due to the natural availability

of Ge atoms at the surface. Different methods, ligeg e.gozore [170] , H>O or air [171],
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have beeimvestigating as methods ¢aidizethe Ge surfacelrhe problems with these methods
is the instability of the formed Ge@nder ambient conditions.

In this chapterresults ofelectrical characterizatisrof Ge/ALOs/Al MOS capacitors are
presented, for wibh a GeQ layer is formed through post plasmaxidationstep The plasma
oxidation is conducted after first depositing a thinGl plasma protective cajm a remote
PEALD chamberThe successive plasma oxidation aigOs-deposition is performed in the

same ALD system, preventing the Gd@m beeingsubjected to ambient conditions.

7.2 Layer Growth and DeviceFabrication

The epitaxial growth of Ge was achieved throdfBE, the details ofvhich weregiven in
section2.1.3 Here,p™*-Si <100> substrates were usetihe MBE growth process started with
the growth of 50 nm of Si buffer layer to get a smooth crystalline surfate wHsfollowed
by the growth of a100nm GeVS layer.As an active layer300 nm Ge was grwn on theGe
VS.

After growth he samples were then cleaned with HF angvBtler rinsing. After performing
15 ALD cycles(~1.52 nm) which were to senas a protective cap post plasma adation
was performeadvith a duration of seven minutesingO- (15 sccm)as process gassid a RF
power ofPrr =100 W. An Ar-flow (10 sccm) was alsmtroduced simultaneoustyp support
the plasmaThepostterm is referring to that oxidation is performed after the depositidimeof
cap layeras opposed to directly onto the Ge surfédter post plasma oxidatio85 additional
ALD cycles of AbOs depositionwhere performedAn optical thickness of 11/m was
measured with ellipsometridirectly after gate oxide deposition, Al gate metal was deposited
by means of sputtering. After buffered HF treatment of the backside to remayeh®iGhmic
Al back side contact was also deposited by means of sputt&hiegdevices were finalized
with photolithography and wet chemicatleing (phosphoric acid) of Al contact pa@tails
of the AbO» deposition by the same PEALD system was also given in secfah

A reference sample was also fabricated through the same procedure as described above,

except that a‘psubstrate was used and no post plasma oxidation was performed.

7.3 Results and Discussion

The MOS capacitor devices were charactermadC-V andl-V measurements obtained
with a Keithley 4200 Semiconductor Characterization System. FaZ-Veharacteristics an
external Keithley 59@-V Analyzer with a measurement frequency of 1MHz was tisedl|

measurements. The backside contact was kept at ground potential

105



7.3.1 CapacitanceVoltage Characteristics of Post PlasmaOxidized
Germanium/Aluminum Oxide/Aluminum M etal-Oxide-Semiconductor

Capacitors

Figure42shows a dual swedpV measurement of teeQ-passivated sample using a step
biasof 20mV. The characteristigigh frequencyC-V behaviorcan be recognized. As will be
shownlater on,the leakage current in this sweep range is very low. For the calculations it is
therefore assumed that the MO&pacitance & is accurately describedy the measured
capacitance £ Oxide and semiconductor parameters can be foudhhe7. The parameters
were calculated using the equations and thadrigh can be found iAppendix after Gx and
Cmin Were extracted from the curve. TBeV curve in both accumulation and invensidoes
not completely saturate to a flat slopéeextraced Coxand Giin thereforcontainminorerrors.

To take into account possible error propagation, the right colummmable7 showminimum
and maximum values when allowing a large&% deviation for the extractedoand Guin
values The extracted oxide capacitarced r r e sponds t o a (r2&A1zddH,i ve
whenusingthe thicknes(d = 11.5nm) measured for the ADs deposited on the Seference
sample Data reported in literature for the relative permittivity of bulle@d shows minor
di screpanci es b urt910ETR2ALI3] Howdver, theermittivitypraserged U
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Figure 42 Dual sweep CapacitanteVoltage measurement of the samplidbjected ta post plasn

oxidationtreatmentArrows indicate sweep direction. The measurement exhibit a relatively |&fi
mV hysteresiglue to charging and discharging of oxide traps.
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here is comparable with results reported for thipQAllayers where similaALD techniques
were used174, 175] It should be noted that the measure@dOAkhickness ioveresimated
slightly, as theformed GeQ; layer is not accounted for in the ellipsometry measurement of

Al>0O3 on a Sisubstrate.

Table 7 Calculated parameters based on the extracted values afidCGiin.

Parameter Calculated value Min/Max
(allowing +5% deviation of & and Guin)
EOT 5.91 n 5.63 nm/6.22 n
Na 6. & 8% n 5. 6 8% 7.19% A
Wowm (max) 105. 7 1 98. 2 nm/ 113.7
Lo 18.6 n 17.1 nm/ 20. 2 n
Crs 7 .A60 Fc m 7 A0U F/ c®m8A BF c*m
Cwio (after[193)) 2. RdFcm 2. RBF M2 AT c*m
Wws -0.460 0. 456G. 464 V
V1, (pos sweep) - TV -0.03.\w/7 V
Vi, (Nneg sweep) e 0.41 Vv/0.56 V
Ys 0.210 T nv/ 0. 214 V

The calculatedackground gloping concentration is similar to earlier reported Ge work
from the same MBHEMachine[176]. The origin of the background doping has not been
established, but as very high temperature is netxdsl desorption, chmber memory effect
from B is unlikely. It could instead be that point defects in the grown layer (interstitials,
vacancies or background impurities) behave likgge impurities. The G¥S is expected to
containmany misfit dislocation defectand as a&onsequence holashigh tap density and a
higher GR rate than in the overgrown layeffieabsence of anlyF-response in th€-V curve
indicates that the active layer has a good crystalline quality and thatatkiemum depletion
width is not extendingnto theGe-VS. From the calculated depletion width maximumpwya
separatiorof minimum200 nm betweethedepletion layer amtheGe-VS is expectedWe can
therefore also concludbat the main mechanism for getting electrons to and from the inversion
layer is throughgeneratiorrecombination ratenside the depletion layeit has also been
reportedthat minority carrietransport to and from the inversion layer through diffugrom
the bulk stars being the dominant mechanism in e temperatures higher than> 45°C
[177].
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Table 8 Calculated effective oxide charges and interface state deraditidg gap.

Positive sweep Negative sweep
Qerr -2 . 1108Tc h -5 .1508 / é m

(1.3A 0 cnm? (3.4A 0 cn1d
Dim 7Rt Me V 4RAbt e V

The measured-V curves exhibit a hysteresiep Viyst = 0.58 V at flatband seen by the
parallel shift ofthe C-V curve depend# on sweep direction. Thhysteresisan be explained
by traps in the oxide. Unlike fixed oxide chargeside traps do not contribute tqparmanent
shift, but can be charged/discharged through leakage currents during a sweep cycle. This leads
to the olserved hysteresis. The rate of charging/discharging depends on the field strength and
leakage currentevel. The dominanttrap charginfgfischargingduring a sweep cycle can
therefore be expected to take place atrtfemsurement bias extremes. thestart and end
biases The flatband shiftVeg and the effective oxide chargessQwere calculated for both
sweep directions and can be foundrable8. With respect to the metal semiconductor work
function, the Vrg for both sweep directiongre shiftedto theright, hence the sign d@es is
negative. The effective oxide charge calculated for the negative swemprns thartwice as
the same quantityalculated for the case pbsitive sweep. This can only be explained by that
the oxide trapswhich are chargédischargedduring thesweepare mainly acceptor like
(negative when filled, neutral when empty)heseare charged at positive gate bias from
electrons in the inversion layer in the semiconductor. When performing a negative sweep the
traps are charged at the positive start gate bias resulting in a right shifiG¥tlcerve when
the sweep is performed. At negative bias the acceptor trapsngteed, discharged, resulting
in a shift in the opposite direction towards negative voltages. One cannot distinguish the fixed
oxide charges from the oxide trap charges fromGhé curve alone. However, asefJs
negative for both sweep directions sifikely that the net fixed oxide charges are also negative.

If this is the case we an-fich oxidecan be expecteds it has been reported that for ALD
Al>OzthatO-rich regions have fixed negative charges, whilgiéh regions have fixed positive
charges[178]. The possibility that these-€ch region are induced by the post plasma oxidation
treatment is also viable possibility.

A density of stateat mid gagn the ordeDi; ~ 540 cm2 eVt is calculatedor both sweep
directionsfollowing the methof Jakubowskandleniewski[179]. This is almost an order of
magnitude higher than reported by Zhang efl&2], where a similar post plasma oxidation
method was used. Thejvalue presented here is however still lower than the untreated
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reference samplgresented in the same wodnd similar to methods using ozimnoxidize the
Ge surfacgl80]. Another difference between the MOS capaciteysorted hereand the ones
reported byZhang et alis the substrate use@¢ substratecompared tepitaxidly grown Ge
on Sisubstrate)

The bumpseen in the &/ measurementurve atCw ~ 3A0' F/cn? will now be discussed
Bumps or kinks,in theC-V curves are commonly observint Ge MOS capacitorld 81], and
are related to a high& close tothe correspondingnergy levein the Ge bandgapartens
et al. [182] argue that a common pitfall is misinterpreting a largeab depletion biass
relatively small @ at weak inversion at room temperatudie to their similar visual
appearancerlhe vdue of Cv, however in this case, doeserresponds to a depletion hide
corresponding €~ 6A0' F/cn? is locatedbetween the calculateflatband and mid-gap
capacitance This thereforeindicates a contribution of largei:Dn depletion Based on the
energy levelnd assuming amphoteric traps can als@xpectthat theseinterface traps are of
a donor types they are located in the lower half of endsgpdgafil83].

The repeatabilitpf the MOS capacitdbehavior can beegnin Figure43a andFigure43b,
which showthe change inC-V characteristics when doing three consecutive measurements on
the same devicé weak buthoticeabledegradation of the interfacan be seen t@sults from
the measuement itself.The C-V curveexperiences a stretayut The stretckoutis only seen
in the accumulation region above flatband, which would indicate that interface states are
generated in the lower half of the energy gap below flatbaihe. stretch ouih accumulation
can be observed for both sweep directjdng for positve sweeps also a shift towards positive
gate voltages is observed. This shift comes a result of a permanent negative charging and charge
storage inside the oxide.

109



a) T T T T ] b) T T T
NE 0.6 Sweep direction — 0.6 Sweep direction 1
2 05 5 05
2 el
o 04r 5; 04
S 03 g 03
=1 =
= =]
2 02t Z 02f
& =
“ o0l 1 S 0.1
-2 -1 0 1 2 2 -1 0 1 2
Voltage, V. (V) Voltage, V., (V)

Figure 43Plots show the &/-characteristics of thre@unsecuie measurements performed on the ¢
device show a degradation of the interface fai) positive sweep direction ang) negative swee
direction Three measuremewereperformed before reproducible curwgsreobtained.

To further investigate the rebdity of the MOS capacitor, the devices were measured after

being presoaked at ahigh leakage currenvoltage bias. After performing an initial

measurement, consecutive measurements on that same devices were executed varying the

duration of the presocaking between the measurements. The results can be Séiguiad4a,
which shows thé&-V characteristics of two MO8apacitor devices after being pgeaked at
at a voltage bias of ¥ess= 4.5V andFigure44b which shows thé&-V characteristics of two
MOS-capacitor devices after being pgeakedat a voltage bias 0¥ swress= -5 V for different

duratiors, tstress
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Figure 44 Repeated &/ measurement of a MO&pacitor after prgsoaking the sample aj a voltag
bias of \iress= 4.5 V andb) voltage bias of Mress= -5V for different durations. Sweep direction \
from negative to positive and the peaking time wagicreased between each measurement.

The two prestressing voltage biases correspond to the same approximate leakage current

level (ls| ~ 1A07 A/lcn?) which were obtained fromV measurements. At this voltage bias,

FNT is the dominant current mechaniamd thecurrent level is approximately two orders of
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magnitude higher than what it is at the measent start and end biased/(tharacteristics is
shown inFigure47in the next section Sweep directiors from negative to positive for both
devices.

Thelast measurements for each sample of each measurement sequence (strasstd for
duration oftsyess= 151.5s) areplotted again inFigure 45. This figure clearly show the
degradation of the devices due to the-gwaking. Thestress induced stretaut points to the
generationof surface stateswvhich could be explained dyondbreaking athe surfaceThe
calculatedDj; ~ 5402 cm? eV? for the negatively stressed samplehich is one order of
magnitude higher than for the initial measurement. The reduction of the oxide capacitance seen
in accumulation also reflects a degradiaof the oxide qualitandredu@doxide permittivity.

For the sample stressed with a positive gate bias a clear right shift is seen in addition to the
stretch out. As it has been established that we have acceptor traps in the oxide, these traps are
chaged from the inversion layer at the positive gategmaking voltage. We can also expect

that at high leakage current levels, traps are generated due to random defect formation, which
in turn may allow further charging. For the negative stressed samoptésar parallel shift can

be made out, since the alteration of the curve seems mainly to be a-astrietThis further

indicates a contribution of negative fixed oxide charges
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Figure 45 Comparison of an initial measuremeaatd measurement of samples stressed at high p
(red) and negative (blue) leakage current biases.
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A comparison of theC-V characteristics from the Ge{assivated sample arftbm a
reference sample is plotted Figure46. The curves show a qualitatively different behavior,
which cannot be explained by the differencé&ig/oxideinterfacesalone In accumulation the
capacitance is lower for the reference santphn that of the Ge&passivated sample. This
contradicts the assumption that a Gé&Qer has been formed for the Gefiassivated sample,
i.e. forming an effectively thicker oxidé. reason fothis could however be due to ttéferent
Si substrates @&sl, p-and p*- substrate for the reference and Ge@ssivated sample
respectively. As the parallel model used neglects series resistaggeti® measured
capacitance g£contains an error {(ewith respect to the actual capacitange The magnitude
of & becomes larger as the product f R ¥ s lecomesS largeiEqualing the measured
capacitancgo Cu returns a underestimate of the actual vdlL@4]. In accumulation the
capacitance f& and hence also,as largest Fora p-substrate a higher contact resistance is
expected, compared to d"gubstrate. With the resistivity specifications given for the Si
Ssubstrate, we could expect a contsateredA¥Sesi st a
backside contactfl85] (no FGA was performed)Whena compensatin of the measured
capacitance foseries resistanée implementedit is seen thaf Rs> 129a higher accumulation
capacitance fothe reference samptbanfor the GeQ-passivatedampleresults Due to the
uncertaintyof the series resistancecanfirmationof a GeQ-IL formation cannobebased on
theC-V characteristicalone.A LF responsean beobserved for the reference sample. The LF
response is seen by the bump atV1V and a higher value of». Theinversionlayer charge
responddgo the alternating voltage signahen the minority carrier response time is short with
respect to the measurement frequency. This means we have ageigastiorrecombination
(G-R) rate n the reference sample. A higheiR3ate can only be explained by a greater number
of traps in the Ge, as the external factors, measurement temperature and frequer@ptwere
constant We can distinguish between two types of traps in the Ge basédkinspatial
location. These are the interface and the bulk traps, respectively. Considering the MBE growth
process for the reference and Gefassivated samples were identical, aoeld easily
conjecture a LFesponse to thdifference in interfaces andterface trap densities. However,
interface traps are usually considetedbeinefficient generation and recombination centers in
strong inversion, even for high density ley&¥/, 186] The GeQ-passivated samplésa seem
to have a more pronounced stretait compared to the reference sample, winohld refute
a lower interface trap densityhe difference can again be found in the diffeseibstrates used
for the two samples. Although the MBE growth process thassame for both samples,

different substrates from different manufacturers could ykdd different substratequalites
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Figure 46 Comparison of a reference sample and3b&.-passivated sampl&he two samples exhil
gualitative differences. This is expected to originate from the different substrates used.

A difference in initial substrate roughnessuld be projected onto tHdBE grown layersit

has been shown that threading dislmratdensities have a strong correlation to surface
roughnes$187]. A higher threading dislocation densusil results in a higher (R rate and a
greater minority carrier response. The LF response can therefore be explambighgritrap
densityinduced by initial surface roughness. However it cannot be ruled out that interface traps
in some way also plays a role and contribute to the observdxh&vior. Mainly due to the
inadequacyf thereference sampl@o favorable ounfavorable effect of th&eQ.-passivaibn

can be establishdzhsed on th€-V characteristicsThis information could however easily be

obtained by repeating the experiment using a comparable reference sample.

7.3.2 Current-Voltage Characteristics of Post PlasmaOxidized
Germanium/Aluminum Oxide/Aluminum M etal-Oxide-Semiconductor

Capacitors

Figure 47 showsthe |-V characteristics of the GeEpassivated sample for negative and
positive gate bias sweep, respectivelye devices were biased frodgc =0V and until
catastrophic breakdown for each polarity. The point of catastrophic breakdowliceted in
the figure The characteristic FNT regism@mreseen for voltages larger thang|\V¢ 4 V by the

strong voltage dependes and are also indicated in the figure
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Figure 47 1-V characteristics of the post plasma treated G&AMOS capacitor. The characterit
FNT regions are seen fordM> 4 V by a strong field, i.e. voltage dependence.

In Figure 48 the voltage bias atatastrophic breakdown ghown as a function afevice
area The average measured breakdown voltages was found t@ be\2V + 0.9V for
negative ad Ve=6.7V £ 0.6V for positive bias respectively. This corresponds to a
breakdown field of 6 MV/cm, which places it within the range of breakdown fields
(5- 10MV/cm) of bulk Al,Os reported elsewhelfd88]. It is assumethat the mechanism for
breakdown is through defect chaiue to the probabilistic nature of the defect formation, a
device with a larger area will have a higher probability of having overlapping defects for
the same oxide thickness and defect de$89]. A large areadevice ha a lower
breakdowrvoltagethan smaller area devigesnceonly a single breakdown path is needed to
shorenthe deviceln Figure48 only a modestirea dependence can be seenthe highest
breakdown voltage is observed for the smallest and the lowest breakdown voltage for the largest
area devices, respectively can also be seen that the breakdown voltage varies with as much
as ~1.5 V for one device area. A larger sample size wmilteeded to confirm with certainty
a device area dependendtiythe execution time of the measurements were accountethéor
area dependeneeould also bestronger tharseen inFigure48. When measuring a device, the
integration time is automatically adjusted dependinghercturrent level. Longer settling time
is needed in théow current regimesompared to the high current regimesspectively. Small

area devices will require a longer measurement time than larger area devices, as the absolute
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Figure 48 Voltage bias at the point of catastrophic breakdown vs. MOS capacitor devic€iacka
are negative bias breakdown, while squares are positive voltage breakdown.

current is lower. It follow that the total charge passed through the device with respect to area,
and the amount of stressing, iggter for small area devices.

Figure49 shows thdV characteristics of the post plasma treated sample and ancfere
sample with direct deposition of Abs on Ge. The pstplasma treated samples shavower
leakage current and a later-saet of the FNT tunneling compared to the reference. Both
attributesverify thata GeQ-IL has been formed'he later onset ailmostone voltof the FNT
region suggests that tlt&eQ layer results in areffectivdy thicker gate oxideastunneling
currentsare very dependent on the electrical fieddd barrier widthAn effectively thicker
oxide would then also explain the reductioihleakage current in the low-field region. |
remind here that this was not observed inGhé characteristics, but could be explained by the
higher series resistance forgubstratesA difference in series resistance does however not

influence thd-V characteristics for low current levels.
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Figure 49 I-V measurement for positiveacomparing a reference sample with the Gp@ssivate
sample. Both a lower current in the low electric field region, and a latsetoofthe FNT is clearl
seen for the samples that were subjected to a post plasma oxidation treatment

7.3.3 Temperature Dependercy of the Current-Voltage Characteristics of Post
PlasmaOxidized Germanium/Aluminum Oxide/Aluminum M etal-Oxide-

Semiconductor Capacitors

In an attempt to determine the carrier transport mechanism through the oxide in the below
FNT region |V sweeps for positive biases were performed at different temperatures. The results
are shown inFigure 50 which showslV sweeps fromVg= 0V to Vec= 5V, at different
temperature A clear temperature dependence can be seen by increasing leakage current with
increasing temperaturg the inset of theiure the current for different gate biases is shown
in an Arrhenius plotThe extracted activatioenergiesarerelatively constanoverthe low E
field regime(0.127 0.13 eV) This indicates a thermally activated process. Tunndhaga
strong field dpendence, buis essentially independent of temperature. The observed
temperature dependence does therefaie outdirect tunnelingand TAT as a main transport
mechanism through the oxidehis is also to be expected as the oxide thickness is d > 10 nm.
The weak temperature dependence of tunneling is also seen by the coinciding of the curves in
the FNT regiorstatingat Vg > - 4 V.
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Figure 501-V sweeps of the post plasma oxidized sample at different temperature. A clear inc
current with increasing temperatuwran be seernset shows Arrhenius plot of the current at diffe
gate voltages.

Given the distinct temperature dependema®, main mechanisms are suggested to be the
cause: Schottkgmission and Frenklpoole emission.

Figure5la shows the sammeasuremenn a Schottkyplot and Figure51b ina Frenkle
Poole plot.The electric field is approximated by=EV/d. The linear behavior seen in the
Schottky plotpoints toSchottky emissioms tranport mechanism belothe FNT regime.The
FrenklePoole plot shows nlinearbehavor. The intercept Aand the slope 8extracted from
the fits of the Schottky plot are related to the temperature, barrier height, and dielectric

permittivity with [31]:
o O R (30)
Ag=l n (AK)- A
and
q3/ 2 (31)
Bs=—————=-
kA 4 AJA)
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